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CHAPTER 1. INTRODUCTION 
1.1 Overview 
The performance and durability of pavement structures depend heavily on the 
pavement foundation layer support conditions. Construction of pavement foundation layers 
with adequate support capacities require use of proper construction methods and following 
proper quality control (QC) procedures.  The QC procedures often used during earthwork 
construction involve proper material selection and identification, controlling the material lift 
thickness and moisture content, and using appropriate compaction equipment that is 
conducive to field conditions. Compliance of the compacted layers based on presumed 
“target” values (e.g., relative compaction) is commonly checked by performing in-situ 
quality assurance (QA) tests.   
Since R.R. Proctor’s development of the laboratory Proctor test method to determine 
moisture-density relationship of soils (Proctor 1933), most QC/QA specifications in highway 
construction practice have been based on this laboratory test (see Handy and Spangler 2007, 
Walsh et al. 1997).  The use of density criteria for QC/QA is primarily a consequence of 
historical tradition and convenience, and is based on a presumption that an increase in soil 
density increases soil strength (Selig 1982). While this is generally true, the relationship 
between soil strength and soil density is complex and is influenced by several factors such as 
soil structure, soil moisture content, and differences between laboratory and field compaction 
methods, pore pressure induced during compaction, etc. (see Seed and Chan 1959, Seed et al. 
1961, Handy and Spangler 2007).   
Strength and stiffness properties of the foundation layers are primary inputs in 
pavement design. Realizing the importance of measuring the “true” design properties of 
pavement foundation layers in-situ, there has been growing interest among highway agencies 
over the past decade in the United States in evaluating various strength or stiffness based 
measurement techniques for QC/QA testing (see Killingsworth and Quintas 1996, White et 
al. 1999, Mn/DOT 2000, White et al. 2002, Zambrano et al. 2006, Mn/DOT 2006, Peterson 
et al. 2007, White et al. 2007c). 
Several in-situ testing methods have been developed over the past five decades to 
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evaluate the strength/stiffness properties of pavement foundation layers in-situ (see 
Newcomb and Birgisson 1999) (e.g., test rolling or proof rolling, static plate load test (PLT), 
falling weight deflectometer (FWD), light weight deflectometer (LWD), dynamic cone 
penetrometer (DCP), piezocone or static cone penetrometer (CPT), dirt seismic pavement 
analyzer (D-SPA), soil stiffness gauge (SSG)).  FWD and DCP tests are recommended in the 
newly introduced pavement design guide (AASHTO 2008) to estimate the design input 
parameters (e.g., CBR, elastic or resilient modulus) from empirical relationships. Although 
there are guidelines in the design guide on how these different measurements are related, the 
relationships are not thoroughly understood in a mechanistic standpoint.  LWD which is a 
portable version of FWD is being increasingly considered as a QC/QA tool by highway 
agencies across the globe. Recent research showed that LWD measurements are significantly 
influenced by the type of mechanical sensors used on the devices and operating conditions 
(see Fleming 2000, White et al. 2007a). To aid in effective implementation of these devices 
into construction QC/QA practice, a thorough study investigating the factors influencing the 
measurements and relationships with conventionally used modulus test measurements (PLT 
or FWD) is warranted.  
A significant improvement over the above described conventional in-situ discrete 
point measurement methods is roller-integrated compaction monitoring (RICM) which offers 
100% coverage with real-time data visualization (also referred to as intelligent compaction or 
continuous compaction control). Specifications have been proposed by many highway 
agencies for implementing RICM technologies into earthwork construction (see ZTVE-StB 
1994, RVS 8S.02.6 1999, ATB Väg 2004, ISSMGE 2005, Mn/DOT 2006).  RICM for 
vibratory soil compactors was initiated some 30 years ago in Europe for compaction of 
mostly granular materials (see Forssblad 1980, Thurner and Sandström 1980). There are 
different manufacturers of vibratory-based technologies and they all make use of 
accelerometers mounted to the roller drum to create a record of machine-ground interaction. 
The analysis approaches have been explained by others (e.g., Adam 1997, Brandl and Adam 
1997, Sandström and Petterson, 2004). Recently, a new measurement technology termed as 
machine drive power (MDP) has been developed for use in granular or cohesive soils and is 
based on the principal of rolling resistance due to drum sinkage. The approach has the 
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advantage of working in both the vibratory and static modes. A significant amount of 
research was conducted on evaluating the MDP measurement technology at Iowa State 
University since 2004 (see White et al. 2005, White et al. 2007b, White and Thompson 2008, 
Thompson and White 2008) prompting its application on a full-scale pavement foundation 
layer construction project in Minnesota (see Chapter 4).  
Many scholarly articles have been published over the past three decades presenting 
relationships between different RICM technologies and soil physical and mechanical 
properties (Thurner and Sandström 1980, Forssblad 1980, Floss et al. 1983, Samaras et al. 
1991, Brandl and Adam 1997, Kröber et al. 2001, Preisig et al. 2003, Thompson and White 
2008, White and Thompson 2008, White et al. 2005, 2007a, 2007b, 2008a, 2008b). 
Considering the increasing demand in implementation of these technologies and significant 
knowledge gap between researchers and practicing engineers on how these measurements are 
correlated with conventionally used in-situ test measurements (see survey results in White 
2008), there is still much need for detailed field investigations.  This research investigated 
relationships between two RICM measurements (accelerometer-based compaction meter 
value (CMV) and MDP) and conventionally used strength/stiffness measurements (FWD, 
LWD, PLT, DCP, and test rolling rut depths). 
Spatially referenced RICM measurements offer a unique opportunity to construct 
more “uniform” foundation layers. Non-uniform support conditions can contribute to 
distresses in pavement layers causing fatigue cracks at the surface (see White et al. 2004). To 
date, most RICM specifications provide QC/QA criteria are based on univariate statistics 
(mean, standard deviation, etc.) which do not address the issue of uniformity in a spatial 
standpoint.  Using geostatistical methods in analyzing RICM measurements to characterize 
non-uniformity of constructed pavement foundation layers and its potential to help improve 
process control (or QC) during construction are explored as part of this research.    
 
1.2 Research Objectives and Anticipated Benefits 
The primary objectives of this research are to: (a) investigate factors influencing the 
LWD measurements and relationships with conventionally used modulus measurements to 
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aid in effective implementation of these devices into construction QC/QA practice (b) 
analyze spatially referenced RICM measurements using geostatistical methods to 
characterize non-uniformity and develop methods that can potentially improve process 
control during construction, (c) develop correlations between RICM measurements and 
different conventionally used in-situ test measurements, (d) develop an understanding on 
factors influencing these correlations in a mechanistic stand point.  
The results from this research are expected to benefit geotechnical, pavement, and 
construction engineering researchers and practitioners working in the field of soil 
compaction. Achieving the objectives is anticipated to promote and aid in effective 
implementation of RICM and different in-situ testing technologies into earthwork 
construction practice and help build long-lasting pavement foundation layers.    
 
1.3 Thesis Organization 
This dissertation is comprised of four scholarly papers that have been submitted to 
geotechnical and pavement engineering related peer reviewed journals for publication. Each 
paper appears as a dissertation chapter and includes reference to pertinent literature, 
significant findings based on field and laboratory investigations, conclusions, and 
recommendations. Following these chapters, most significant research findings and 
recommendations for future work is provided. 
The first paper (Chapter 2) presents a comprehensive review of literature related to 
LWD devices, experimental test results comparing three different LWD devices (Dynatest, 
Keros, and Zorn), demonstrating the influence of plate diameter, plate contact stress, buffer 
stiffness, and measurement techniques on different soil types.  Although the three LWD 
devices used exhibit similarities in operation and methodology, there are differences on how 
plate contact stresses and deflections are measured, leading to differences in calculated 
modulus values. Plate diameter, plate contact stress, are found to significantly influence the 
LWD modulus values. Relationships between LWD modulus and more commonly used static 
PLT modulus are presented.  
The second paper (Chapter 3) presents geostatistical analysis of RICM with an 
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overview of the semivariogram modeling procedures, key aspects to consider during 
analysis, and results of analysis from two case studies. First case study demonstrates the 
importance of exploratory data analysis of RICM data to determine non-stationary field 
situations, and the second case study demonstrates the advantage of semivariogram modeling 
to gain better understanding of compaction process and a new approach to improve process 
control during construction. Use of geostatistical analysis and spatially referenced RICM 
represent a paradigm shift in how compaction analysis and specifications could be 
implemented in the future.   
The third paper (paper 3) presents experimental results from a field study conducted 
on US 60 in Minnesota assessing the support conditions of cohesive subgrades using heavy 
test rolling, RICM, LWD, and DCP. The study explores the use of LWD, DCP, and RICM as 
possible alternatives to heavy test rolling rut depth measurement that is traditionally used for 
QA by Minnesota Department of Transportation (see Mn/DOT 2000). Results indicate that 
the alternative technologies can reliably indicate the support conditions of the cohesive 
subgrades and are empirically related to rut measurements. Support capacities under test 
roller tire are analyzed using layered bearing capacity solutions and compared to rut 
measurements. A simple chart solution is developed that can be used by field engineers to 
determine target undrained shear strength properties of compacted subgrades from DCP 
profiles.   
The fourth paper (paper 4) presents experimental test results comparing FWD, LWD, 
DCP, CPT, and RICM on granular pavement foundation layers. In-ground vertical and 
horizontal stresses developed under roller, FWD, and LWD loading were measured as a 
means to better understand and interpret the relationships between different measurements. 
Significant differences are noticed in the stress states and stress paths in the foundation layers 
under roller, FWD, and LWD loading. In-sights into differences in measurement influence 
depths between different devices are presented. Some practical considerations and factors 
influencing the relationships are discussed.  
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CHAPTER 2. COMPARISON OF LIGHT WEIGHT DEFLECTOMETER 
MEASUREMENTS FOR PAVEMENT FOUNDATION MATERIALS 
Pavana K R. Vennapusa and David J. White 
A paper submitted to the Geotechnical Testing Journal, ASTM  
 
2.1 Abstract 
Light weight deflectometers (LWDs) are increasingly being used in earthwork 
QC/QA testing to provide rapid determination of elastic modulus, which is an essential input 
for mechanistic pavement design.  To successfully implement the use of these devices, it is 
important to understand how operating conditions affect the measurements and if differences 
exist between the various manufacturer devices.  This paper provides a review of basic 
principles, different manufacturer LWD equipment, and correlations between LWD elastic 
modulus (ELWD) and moduli determined from other in-situ testing devices.  Comparison test 
measurements for three different LWD devices with different plate diameters, plate contact 
stresses, buffer stiffnesses, and measurement techniques, and correlations with static plate 
load test measurements are reported in this paper.    
 
2.2 Introduction 
Light weight deflectometers (LWDs) are increasingly being considered by state and 
federal agencies in the United States and several countries around the world for earthwork 
QC/QA testing.  These in-situ testing devices can be used to rapidly determine elastic 
modulus, which provides an alternative to more time-consuming in-situ tests (e.g., static plate 
load test) and an input parameter for mechanistic pavement design.  LWD elastic modulus 
(ELWD) is calculated using elastic half-space theory, knowing plate contact stress and 
deflection, and making an assumption for stress distribution.  Although most of the devices 
exhibit similarities in operation and methodology, there are differences in how plate contact 
stresses and deflections are determined.  This leads to differences in the calculated ELWD 
values.  Currently, LWD devices are commercially available from at least four manufacturers 
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(Gerhard Zorn, Carl Bro Pavement Consultants, Dynatest International, and Al-Engineering).  
The LWD device components generally consist of a 100- to 300-mm diameter loading plate 
with a 10- to 20-kg drop weight, an accelerometer or geophone to determine deflection, and a 
load cell or calibrated drop height to determine plate contact stress. To successfully develop 
specifications and implement use of these devices, it is important to understand for what 
conditions they provide reliable measurements and also if differences exist between the 
various devices.  This paper summarizes an extensive review of the literature and reports new 
comparison measurements between three different LWD devices, showing the influences of 
plate diameter, contact stress, and buffer stiffness, and correlations between static plate load 
test and LWD measurements.   
 
2.3 Theoretical Determination of Elastic Modulus 
Based on the well known Bousinnesq elastic solution, the relationship between 
applied stresses and displacement in the soil for the case of a rigid or flexible base resting on 
an elastic half-space can be derived as follows: 
f
d
a)v(E ×−=
0
0
21 σ
        (2.1) 
Where: 
E = elastic modulus (MPa) 
d0 = measured settlement (mm) 
v = Poisson’s Ratio 
σ0 = applied stress (MPa) 
a = radius of the plate (mm) 
f  = shape factor depending on stress distribution (see Table 2.1) 
All of the LWD devices use elastic half-space theory and the assumptions of stress 
distribution to calculate elastic modulus from a measured (or assumed) contact stress and 
peak deflection of the loading plate or the soil directly under the center of the plate.  Some 
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LWD manufactures (e.g., Prima and Dynatest) give users the option of selecting the shape 
factor, while such an option is not available with other manufacturers (e.g., the Zorn and 
Loadman device assumes a fixed stress distribution factor of 2).  It is well known that the 
stress distribution under a plate depends on both plate rigidity and soil type (Terzaghi and 
Peck 1967).  Three different stress distributions are generally possible (inverse parabolic, 
parabolic, and uniform), as shown in Table 2.1.  Results presented by Mooney and Miller 
(2008) further show that the stress distribution under a “rigid” LWD plate is dependent on 
soil type as well as soil profile (based on tests using CSM LWD device, see Table 2).  Tests 
performed using a 300-mm diameter LWD with a contact force of 8.8 kN over a sand layer 
(250 mm thick) underlain by a clay layer showed a uniform stress distribution, while tests 
performed over two sand layers (240 mm thick each) underlain by a clay layer showed close 
to a parabolic stress distribution.  From Eq. 1, the ELWD results can vary by 127% or 170% 
depending on the assumed stress distribution factor f (see Table 2.1).   
 
2.4 Comparison of In-Situ LWD Test Devices 
Seven LWD devices are commonly addressed in the literature; Table 2.2 summarizes 
some of their key features.  Several researchers have reported correlations between LWD 
measurements and other in-situ test measurements, i.e., initial or reload modulus from static 
plate load test (EV1 or EV2), modulus from falling weight deflectometer test (EFWD) 
measurements, etc. (see Table 2.3).   Variations in ELWD for different devices have been 
documented (see Fleming et al. 2000, Hildebrand 2003).  These differences are partly 
attributed to different load pulse shapes and to differences in deflection transducers (Fleming 
et al. 2000).  There are several other factors, however, that could affect the ELWD values; they 
are discussed in detail below.   
 
2.5 Factors Influencing ELWD Measurements 
Factors that influence ELWD values include size of loading plate, plate contact stress, 
type and location of deflection transducer, plate rigidity, loading rate, buffer stiffness, and 
measurement of load versus assumption of load based on laboratory calibration from a 
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standardized drop height.  The ways in which these factors influence the modulus are treated 
separately and are discussed in the following sections. 
2.5.1 Size of Loading Plate 
Terzaghi (1955) proposed Eqs. 2.2 and 2.3 to estimate modulus of subgrade reaction 
(ks) for different footing sizes from plate load tests.  According to these equations, modulus 
of subgrade reaction determined from a 200-mm plate is approximately 1.45 times (for sand) 
to 1.50 times (for clay) greater than that from a 300-mm plate.  Fig. 2.1 shows the influence 
of plate diameter with comparisons to experimental data presented by several researchers 
using static plate load tests and LWDs to Terzaghi’s theoretical relationships (Eqs. 2.2 and 
2.3).  Results are shown by plotting the modulus of subgrade reaction (ks) or elastic modulus 
(E or ELWD) normalized to a 300-mm diameter plate.  
⎥⎦
⎤⎢⎣
⎡×=
B
Bkks 11          [for footings on clay]   (2.2) 
2
1
1 2 ⎥⎦
⎤⎢⎣
⎡ +×=
B
BBkks  [for footings on sand]     (2.3) 
Where:  
B1 = side dimension of a square plate used in load test (m) 
B = width of footing (m) 
ks = modulus of subgrade reaction (kPa/m) 
k1 = stiffness estimated from a static plate load test (kPa/m) 
Lin et al. (2006) conducted Prima LWD tests on a natural sandy soil deposit 
(AASHTO classification: A-1-b) and found that ELWD for a 100-mm plate was approximately 
1.5 to 1.6 times higher than for a 300-mm plate at similar applied loads.  Chaddock and 
Brown (1995) reported test results by the TRL Foundation Tester (TFT) on crushed rock base 
and subbase materials underlain by compacted clay materials. For the same unit stress, ELWD-
T2 (200-mm plate) was 1.2 to 1.4 times higher than ELWD-T3 (300-mm plate). 
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The manufacturer of Prima LWD suggests selecting plate sizes based on the material 
stiffness.  For example, when the ELWD is less than 125 MPa, the recommended plate size is 
300 mm.  For ELWD between 125 and 170 MPa and ELWD > 170 MPa, the 200-mm and 100-
mm diameter plates, respectively, are recommended.  By reducing the plate size with 
increasing modulus, it is possible to increase the plate contact stresses and therefore increase 
deflections to within a measurable range.  Also, by using a larger plate for lower stiffness 
materials, the possibility of excessive deflection and bearing capacity failure can be avoided.  
2.5.2 Plate Contact Stress 
Fleming et al. (2000) investigated the influence of plate contact stress using the TFT 
and the Prima LWD by altering the drop height on gravelly silty clay subgrade and granular 
capping layers.  Results showed that ELWD-P3 increased by approximately 1.15 times, while 
ELWD-T3 increased by approximately 1.3 times with increasing plate contact stress from 35 
kPa to 120 kPa.  In contrast, Lin et al. (2006) concluded that the effect of drop height on 
ELWD-P1 and ELWD-P3 is insignificant based on tests on a natural sandy soil deposit using Prima 
LWD.  Camargo et al. (2006) showed that by increasing the drop height from 25 to 75 cm, 
the ELWD-K2 values increased, on average, approximately 1.1 times on a compacted granular 
material (AASHTO classification: A-1-b).  Based on tests conducted on very stiff crushed 
aggregate and stabilized aggregate material (ELWD-E3 = 59 to 82 MPa), van Gurp et al. (2000) 
reported that ELWD-E3 values did not vary significantly (< 3% change) for a plate contact 
stress range of 140 to 200 kPa.  Chaddock and Brown (1995) observed that the ELWD-T2/3 
decreased with increasing plate contact stresses at locations of thin granular capping (150 
mm) over softer clay subgrade, and increased at locations of thicker granular layers.   
Based on the discussion above, it appears that for dense and compacted granular 
materials, the ELWD values tend to increase with increasing contact stresses, except where the 
values are influenced by underlying softer subgrade materials.  Some materials with 
cementitious properties, however, may not be as sensitive to changes in contact stress (e.g., 
materials described in van Gurp et al. 2000).  Some experimental test results from this study 
are presented later in this regard. 
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2.5.3 Type and Location of Deflection Sensor 
Different deflection sensors and mounting positions are used by the various 
manufacturers.  The Zorn device, for example, has an accelerometer built into the plate from 
which the readings are twice integrated to calculate deflection of the plate. Conversely, 
Keros, Prima, and TFT devices use a spring-loaded geophone in direct contact with the 
ground surface through a hole in the center of the plate.  These differences apparently 
contribute to differences in the determined plate deflection.  Fleming et al. (2002) indicated 
that the transducer mounted on the bearing plate will also record the initial acceleration of the 
plate, as opposed to one mounted on the soil.  Therefore, devices with accelerometers that 
measure deflections on the plate are expected to measure larger deflections, which have been 
documented in several field studies (Weingart 1993; Shahid et al. 1997; ZTVA-StB 1997; 
Groenendijk et al. 2000; Livneh and Goldberg 2001; Hildebrand 2003), including this study 
described later. 
2.5.4 Plate Rigidity 
An assessment of LWD plate rigidity is important for predicting stress distribution under 
the plate and consequently for selecting the shape factor f used in Eq. 2.1. LWD 
manufacturers produce plates of different thicknesses and materials (see Table 2.2), and 
therefore rigidity.  No discussion has been provided by the manufactures on the impact of the 
respective plate rigidities.  As a point of reference,  for pavement design or evaluation 
purposes, ASTM D1195-93 describes static plate load testing as using a 762 mm diameter 
plate with a 25.4 mm thick base plate and an additional four plates (152 to 762 mm in 
diameter) arranged in a pyramid fashion to “ensure rigidity”.  But, no discussion is provided 
therein that quantifies rigidity or establishes a minimum requirement for rigidity.  Further, a 
provision is allowed to conduct plate load tests using just a single 25.4 mm thick plate of any 
diameter for comparison purposes.  A valid question is then to what extent are the various 
plate configurations considered rigid. To answer this question, the authors investigated an 
analytical solution developed by Borowicka (1936) wherein the relative rigidity of the plate 
is determined from Eq. 2.4.   The relative rigidity constant K (Eq. 2.4) here is not only a 
function of the plate geometry and material properties but also as a function of the ratio of 
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the elastic modulus of the plate to the soil.  Using Eq. 2.5, the relationships between soil 
elastic modulus, Es, and K for Zorn and Keros/Dynatest device LWD plates with 300 and 200 
mm plate diameters are presented in Fig. 2.2. For K = 0, the contact stress distribution under 
the footing is uniform and the plate is considered flexible.  For K > 0, the contact stresses at 
the edge of the plate theoretically increase to infinity and stresses at the center of the plate 
vary with K.  For K = ∞ (i.e., when the plate is perfectly rigid), the contact stresses at the 
center of the plate are 50% of the applied stress.  By evaluating the relative rigidity as a 
function of soil modulus it can be seen that as the soil modulus decreases as the relative 
rigidity of the plate increases. Also, also as the plate diameter decreases for a given soil 
modulus, the relative rigidity increases.   For the analysis presented in this paper, the various 
plates were assumed to behave as rigid to facilitate comparisons, but it is clear that a single 
assumption may not always be valid for a wide range of soil elastic modulus and plate 
diameters.   To compensate for relative rigidity, change in contact stress distributions and the 
corresponding shape factor f (f changes from 2 to π/2 with change in K value from 0 to ∞) 
could be implemented. However, quantifying the rate of change in f with K is based on many 
assumptions and is beyond the scope of this paper.  
32
2
1 (1 )
6 (1 )
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E hK
E a
υ
υ
− ⎛ ⎞= ⎜ ⎟− ⎝ ⎠           (2.4) 
where:  
K = relative rigidity constant 
Ep = modulus of elasticity of the plate material (MPa) (assumed as 193050 MPa for 
Zorn steel plate and 110310 MPa for Keros/Dynatest aluminum plates (Kent 
1895)) 
Es = modulus of elasticity of the soil (MPa) 
νp = Poisson’s ratio of the plate material (assumed as 0.3 for Zorn steel plate and 0.33 
for Keros/Dynatest aluminum plates (Kent 1895)) 
ν = Poisson’s ratio of the soil 
h = thickness of the plate (m) 
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a = radius of the plate (m) 
2.5.5 Load Transducer 
Some devices (e.g., Zorn and Loadman) assume a constant applied force based on 
calibration tests performed on a stiff (e.g. concrete) surface, while other devices (e.g., Prima 
and Keros) measure the actual applied load using a load cell.  Theoretically, the applied force 
on a surface cannot be constant, as it clearly depends on the stiffness of the material on which 
the load is applied (see Eq. 2.5).  However, as the LWDs are commonly utilized for testing 
compacted layers that are relatively stiff, any error associated with the assumption of a 
constant applied force in calculations may not be practically significant.  Davich (2005) 
reported laboratory test measurements to investigate error introduced from using an assumed 
applied load and concluded that the assumption of constant force can lead to an over-
estimation of ELWD in the range 4 to 8 %, based on testing soft to very stiff materials.  Field 
and laboratory test results presented by Brandl et al. (2003), and Kopf and Adam (2004) 
using the Zorn LWD demonstrated that the assumption of constant applied force is 
reasonable.  Results presented in this study also support this conclusion.   
Chgm2F ××××=        (2.5) 
Where: 
 F = Applied force (kN) 
 m = mass of falling weight (kg) 
 g = acceleration due to gravity, 9.81 (m/s2) 
 h = drop height (m) 
 C = material stiffness constant (N/m) 
2.5.6 Loading Rate and Stiffness of Buffer 
With using elastic half-space theory in the ELWD estimation procedure, the maximum 
transient deflection is assumed equivalent to the maximum deflection from a static plate of 
similar diameter and applied stress.  Some studies, however, indicate that the rate of loading 
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affects ELWD.  The loading rate can be controlled by varying the stiffness of the buffer placed 
between the drop weight and contact plate.  Fleming (2000) reports that a comparatively 
lower stiffness buffer provides more efficient load transfer and better simulates static plate 
loading conditions.  Lenngren (1992) reports that with using a stiffer buffer, the load pulse 
time history is shortened, and the resulting EFWD is increased by 10 to 20 % on some asphalt 
concrete pavements, while other locations showed little or no difference.  Lukanen (1992) 
indicated that the shape of the load pulse and its rise and dwell time during an FWD test can 
affect the magnitude of the measured deflections to some extent but may not be considered 
“practically” significant.  According to Adam and Kopf (2002), the applied load pulse can 
vary by about 30% with a change in rubber buffer temperature from 0 to 30°C, while 
remaining more constant for a steel spring buffer.  
 
2.6. Experimental Comparison of LWD Devices from the Authors’ Study 
2.6.1 Light Drop Weight Tester – ZFG 2000 
The ZFG 2000 LWD device is manufactured by Gerhard Zorn, Germany, and is 
prescribed in German specifications for road construction (TP BF-StB Teil B 8.3, 1992).    A 
schematic of this device is shown in Fig. 2. 3. The device is programmed for Poisson’s ratio 
of 0.5 and a uniform stress distribution shape factor f = 2.  Based on the manufacturer’s 
calibration tests, the drop height was set at 72 cm to achieve an applied load of 7.07 kN.   
Deflections are measured via an accelerometer built in to the loading plate.  Following three 
seating drops, deflection measurements are recorded during the execution of the last three 
load pulses and averaged (Zorn, 2003).  Further technical details of the device are 
summarized in Table 2.2.  If the user chooses a different drop height, the constant force value 
can be estimated using Eq. 2.5 with a spring stiff constant C = 362396 N/m (M. Weingart, 
personal communication, November 2006).  Differences between the theoretical and 
experimental applied force will exist if the spring buffers behave non-linearly during loading.   
The Zorn device was based on extensive model calculations and parametric studies 
performed by Weingart (1977).  This device is recommended for use on stiff cohesive soils, 
mixed soils, and coarse-grained soils having maximum particle size of 63 mm (Zorn 2003).  
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Field tests are performed by placing the plate on flat ground in a way that full contact 
between the plate and the surface is achieved.  The manufacturer suggests using a thin layer 
of sand at locations where a flat contact surface cannot be obtained. 
2.6.2 Keros and Dynatest 3031 Portable Falling Weight Deflectometers 
The Keros and Dynatest 3031 LWD devices are manufactured by Dynatest, Denmark.   
The Dynatest 3031 LWD model is a recently produced version by Dynatest.  A schematic of 
these two devices are shown in Fig. 2.3. These devices are equipped with a load cell to 
measure the impact force from the falling weight and a geophone to measure induced 
deflections at the ground surface.  Additional geophones can be added to obtain a deflection 
basin.  The load and geophone sensors are connected to an electronic box to store and 
transmit the data either to a pocket PC or a laptop with Bluetooth® capability.  Software 
provided with the device allows the user to enter Poisson’s ratio and an appropriate stress 
distribution factor, depending on the soil conditions (Dynatest, 2004). Primary differences 
between the two models are the type and stiffness of rubber buffers.  Conical-type rubber 
buffers are used in the Keros device, while two layered flat rubber buffers are used in the 
Dynatest 3031 device (Buffer A&B, see Fig. 2.3).  The conical buffers used in the Keros 
device can be used in combinations of two or four.  Laboratory tests were performed to 
determine the buffer stiffnesses.  The rubber buffer stiffness is non-linear with increasing 
load.  For a force range of 1 to 7kN, the stiffness for the Keros two buffer setup ranges 
between 170 N/mm to 440 N/mm, and the four buffer setup ranges between 290 N/mm and 
700 N/mm.  For the Dynatest 3031 device, if only Buffer A was used, the stiffness range was 
between 150 N/mm to 700 N/mm, and if both Buffers A and B were combined, the range 
was between 90 N/mm to 500 N/mm for a force range of 1 kN and 7 kN, respectively. 
Technical details of the two models are provided in Table 2.2.   
2.6.3 Static Plate Load Test 
Static plate load tests were conducted in field study 7 by applying a static load on a 
300 mm diameter plate against a 6.2kN capacity reaction force. The applied load was 
measured using a 90-kN load cell and deformations were measured using three 50-mm linear 
voltage displacement transducers (LVDTs). The load and deformation readings were 
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continuously recorded during the test using a data logger. Initial and reload modulus (EV1 and 
EV2) were determined using Eq. 2.1 for a stress range of 0.2 to 0.4 MPa.  
2.6.4 Field Studies 
Comparison tests using the Zorn, Keros, and Dynatest LWD devices, and static plate 
load device were performed at several pavement foundation construction project sites.  
Comparison tests at these project sites were performed within a spacing of approximately 0.7 
m or less to minimize variation in soil properties between test locations.  Tests were 
performed by preloading each testing area with three load pulses and measuring the average 
deflection for the succeeding three load pulses.  To investigate the differences in ELWD 
values, assumptions made in the calculations (e.g., Poisson’s ratio and shape factors) and the 
test procedures were kept identical.  Table 2.4 lists the field test procedures and the 
parameters used in the calculations. The devices were set up with 200- and 300-mm plate 
diameters, and the drop height was varied between 50 and 72 cm.  Modulus values were 
estimated (using Eq. 2.1) for the last three drops by using the measured applied force and 
deflection values for the Keros and Dynatest devices, and an assumed constant force 
depending on the drop height (see Eq. 2.4) and measured deflection values for the Zorn 
device. The average estimated modulus of the last three drops was reported as the ELWD value 
at a test point.  
  The primary objectives of the field investigations were to evaluate: (a) differences 
between LWD devices of similar plate diameters, (b) correlations between LWD and static 
plate load test modulus, (b) the influence of plate diameter (100, 150, 200 and 300 mm) and 
applied stress on modulus, and (c) the influence of buffer stiffness of modulus.  A summary 
of soil index properties for each site is provided in Table 2.5.  
2.6.5 ELWD comparison between different LWDs and static plate load EV1 and EV2 
Comparison results between modulus measured by different devices are shown in Fig. 
2.4.  Linear regression relationships and associated R2 values are also presented in Fig. 2.4.  
On average, ELWD-K2 and ELWD-D2 are approximately 1.75 and 1.56 times greater than ELWD-Z2, 
respectively, with R2 values around 0.8 to 0.9 (Fig. 2.4a, 2.4c); while ELWD-K3 is 
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approximately 2.16 times greater than ELWD-Z3 with a relatively poor R2 value of 0.5 (Fig. 
2.4b).  A similar trend of lower modulus (by factor of about 2 times) from the Zorn device 
was observed in a study conducted by the Danish Road Directorate (Hildebrand 2003) when 
compared with the Keros.  Others have also reported that the moduli from Zorn is generally 
in the range of about 0.5 to 0.6 times lower, compared to other LWD devices and FWD that 
employ load cell and geophone displacement sensors (e.g. Fleming et al. 2000 and 2002).    
Comparison between deflection measurements from Zorn and Keros devices (Field 
Study 1) are presented in Fig. 2.5a, which shows that that the measurements from Zorn are 
on average 1.5 times higher than the Keros.  The differences in ELWD between Keros and 
Zorn are believed to be related to the following: a) the higher deflections from the Zorn (or 
lower from Keros), and (b) the assumption of constant applied force of 6.96 kN, in the case 
of the Zorn device versus measured loads for the Keros.   However, the primary contributor 
to differences in ELWD values is the difference in deflection values, as the constant assumed 
load of 6.69 kN by Zorn is comparable to the average load from the Keros (i.e., 6.56 kN, as 
shown in Fig.2.5b).   
Fig. 2.4d presents comparison between ELWD measurement values by Dynatest and 
Keros devices that were set up with 50-cm drop height.  A best-fit linear regression with a 
slope of 1 and an R2 value of about 0.93 is observed between the two measurements.  Note 
that although the drop height is similar, due to differences in buffer stiffnesses, the applied 
impact force is not the same.  A frequency distribution plot of measured impact force by the 
two devices for test measurements from Field Study 4 is shown in Fig. 2.6.  On average, the 
Dynatest impact force was about 0.63 times lower than the Keros impact force.   The 
estimated impact force for Zorn at 50-cm drop height is also shown on Fig. 2.6 for reference.  
Despite differences in the impact force between the two devices, no pronounced difference 
was observed between the calculated ELWD values.  The influence of applied stress and buffer 
stiffness is discussed later in this paper.  
Fig. 2.4e, 3f shows correlations between EV1, EV2 and ELWD-Z2.  Results showed 
relatively better correlations between ELWD-Z2 and EV1 with R2 = 0.7 than between ELWD-Z2 
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and EV2 where R2 = 0.4. Similar relationship between ELWD-Z3 and EV2 was reported by 
Weingart (1993) (see Table 2.3).  
2.6.6 Variability of ELWD measurements 
In earthwork acceptance testing, to achieve good reliability and confidence in test 
measurements, it is important to plan and calculate the number of tests depending on the 
variability of the measurements.  The sources of this variability generally include inherent 
variability in soil properties, sensitivity of the device, operation errors, and repeatability of 
the measurements.  Soil variability is the dominating factor, however, when it comes to 
measurement variability. The most commonly used statistical parameters in geotechnical 
engineering for description of variability are the standard deviation (σ) and coefficient of 
variation (COV).  Table 2.6 provides a summary of statistics (μ, σ, and COV) for ELWD 
measurements by the three devices from different field studies.  Interestingly, the COV of 
Zorn ELWD is generally lower, compared to Keros or Dynatest ELWD values, with one 
exception at field study 3b.  Some field studies showed considerable differences in the COV 
(e.g. field study 2 and 3a).   
2.6.7 Influence of Plate Diameter on ELWD 
Zorn LWD was set up with 200- and 300-mm diameter plates at field study 2 for side-
by-side comparison testing.  A total of 46 tests was conducted on a well-graded granular 
capping layer, which is 50 mm in thickness underlain by sand.  Fig. 2.7 shows the difference 
between ELWD-Z2 and ELWD-Z3.  A linear regression relationship between the two values is also 
shown with R2 value of 0.63.   On average, the Zorn device with 200-mm plate resulted in a 
modulus approximately 1.4 times greater than that with 300-mm plate.  This difference in 
ELWD between two plate diameters is in close agreement with the equation proposed by 
Terzaghi (1955) (shown in Eq. 2.3, for which a 200-mm plate modulus can be approximately 
1.45 times greater than a 300-mm plate modulus) and experimental results presented by 
others (see Fig. 2.1). 
To further investigate the influence of plate diameter, Zorn LWD was tested with four 
different plate sizes (100-, 150-, 200-, and 300-mm diameter) in field studies 3c and 4, while 
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Zorn, Keros, and Dynatest LWD devices were tested with 200- and 300-mm plate sizes in 
field study 5.   Tests were conducted with each plate size, using drop heights varying from 10 
to 80 cm at increments of 10 cm.   
Results from field tests 3c and 4 are presented in Fig. 2.8.  The trends indicate that at any 
level of applied contact stress, the calculated ELWD values increase with decreasing plate size.  
On average, results from field study 3c show that the ELWD-Z2, ELWD-Z1.5, and ELWD-Z1 are 
about 1.3, 1.5, and 1.9 times greater than ELWD-Z3.  In field study 4 the average ELWD-Z2, 
ELWD-Z1.5, and ELWD-Z1 are about 1.2, 1.3, and 1.3 times greater than that of ELWD-Z3.   
LWD tests were conducted using Zorn, Dynatest, and Keros devices with 200- and 
300-mm plate sizes at two locations in field study 5.  Results from this study are presented in 
Fig. 2.9.  Similar to findings from field study 4, Zorn ELWD values increased with decreasing 
plate diameter from 300 to 200 mm.  On average, the ELWD-Z2 is about 1.2 and 1.4 times 
greater than ELWD-Z3 for locations 1 and 2, respectively.  On the other hand, ELWD measured 
by Keros and Dynatest devices increased with decreasing plate diameter at location 1, while 
an opposite trend was observed at location 2.   The ELWD-K2 and ELWD-D2 are about 1.3 and 1.2 
times ELWD-K3 and ELWD-D3, respectively, for location 1, while for location 2 the ELWD-K2 and 
ELWD-D2 are about 0.8 times ELWD-K3 and ELWD-D3.   
Based on the above field studies, a general conclusion can be made that the ELWD 
values are increasing with decreasing plate diameters, which is consistent with observations 
by others (see Fig. 2.1).  For most cases, the ratio of ELWD from a 200- to 300-mm plate is 
about 1.2 to 1.4.  As an exception, in field study 5, the Keros and Dynatest device showed a 
ratio of <1.0.   On the other hand, the ratio of ELWD from 150-mm and 100-mm plates to 
ELWD from the 300-mm plate showed considerable differences between field studies 3c and 4 
(see Fig. 2.8).  These differences can be attributed to the difference in material stiffness; i.e., 
the ratio generally tends to increase with increasing material stiffness.    
2.6.8 Influence of Applied Contact Stress on ELWD 
Figs. 2.8 and 2.9 show relationships between applied contact stress and ELWD.   Fig. 
2.8 shows a strong stress dependency with a consistent increase in ELWD-Z with increasing 
contact stress for all plate diameters.  For field study 3c, an increase in drop height from 10 to 
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80 cm increased ELWD by 45%, 75%, 93%, and 77%, for 300-, 200-, 150-, and 100-mm 
diameter plates, respectively.  At field study 4, an increase in ELWD by 97%, 79%, 61%, and 
54% was observed for 300-, 200-, 150-, and 100-mm diameter plates, respectively.  
Fig. 2.9 shows comparison test results from field study 5 with ELWD from Zorn, 
Keros, and Dynatest LWD devices.  Similar to findings from field study 4, the ELWD-Z 
increased with increase in applied contact stress for both 300- and 200-mm diameter plates.  
In contrast, both Keros and Dynatest devices showed a decrease in ELWD with increasing 
contact stress.  From the two test locations, on average the ELWD-K decreased by about 32% 
and 17% with increasing contact stress from 30 to 139 kPa and 67 to 300 kPa for 300-mm 
and 200-mm plates, respectively.  Similarly, on average from two test points, the ELWD-D 
decreased by about 93% and 91% with increasing contact stresses from 22 to 75 kPa and 48 
to 162 kPa for 300 mm and 200 mm plates, respectively.   
The results presented above indicate that for the granular materials tested, the Zorn 
ELWD increases with increasing plate contact stresses. The rate of increase in ELWD, however, 
is dependent on the stiffness of the material; i.e., stiffer materials yielded a greater increase in 
modulus with increasing contact stress.  Conversly, the Keros and Dynatest device 
measurements produced the opposite trend.  However, the effect of applied stress on Keros 
and Dynatest ELWD appears to have a comparatively reduced influence (less than about 10%) 
with increasing contact stresses above 100 kPa (for most QC/QA testing, applied stresses  
>100 kPa are typically used).   
2.6.9 Influence of Buffer Stiffness on ELWD 
Steel spring buffers are used in the Zorn LWD device and conical/flat rubber buffers 
are used in Keros/Dynatest LWD devices (see Table 2.1).  These different buffers vary 
significantly in their stiffness.  The Keros device is set up to use two or four rubber conical 
buffers, and the Dynatest device uses a two-piece, flat rubber buffer (Buffer A and B, see 
Fig. 2.3).   The effect of buffer stiffness on applied load at different drop heights is illustrated 
in Fig. 2.10.  On average, the applied force on Dynatest LWD increased by about 25% by 
increasing the buffer stiffness (i.e., by removing Buffer B), while the applied force on the 
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Keros LWD increased by about 20% by increasing the buffer stiffness (i.e., adding two 
additional buffers (total four buffers)) under the impact load.    
The effect of change in buffer stiffness on ELWD measurements is presented in Fig. 
2.9.  Tests with Keros LWD were conducted by adding two additional buffers to the existing 
two, and tests with Dynatest LWD were conducted by removing Buffer B to alter the buffer 
stiffnesses.  If the measurement values at same drop height are compared, the ELWD-D and 
ELWD-K measurement values varied on average by about 8% and 2%, respectively, with 
change in buffer stiffnesses.   However, if the results are compared for similar applied 
contact stresses, the change in ELWD values are insignificant (<1%).  
 
2.7 Conclusions 
An extensive review of literature and experimental test results presented in this paper 
demonstrate that several issues need to be considered when interpreting an ELWD value to 
successfully implement the use of the LWD devices in earthwork QC/QA testing.  The 
following are some of the key findings in this paper:  
• Major factors that influence ELWD values include: size of loading plate, plate contact 
stress, type and location of deflection transducer, plate rigidity, loading rate, buffer 
stiffness, and to some extent the measurement of load versus assumption of a constant 
load based on laboratory calibration.   
• LWD devices that use accelerometers that measure deflection of the plate (e.g. Zorn) 
are expected to measure larger deflections compared to devices that measure 
deflections on the ground with a geophone (e.g. Keros/Dynatest and Prima). 
• The Keros ELWD is on average 1.75 and 2.16 times greater than Zorn ELWD with 200-
mm and 300-mm plate diameters, respectively.  The Dynatest ELWD is on average 1.7 
times greater than Zorn ELWD with 200-mm plate diameter.  The constant applied 
force of 6.69 kN in the 200-mm Zorn device is comparable with average loads by 
200-mm Keros device (6.56 kN) for a drop height of 63 mm.  The primary 
contributor to differences in calculated ELWD is the difference in measured deflections 
(on average, Zorn deflections are 1.5 times greater than Keros).   
26 
 
• Comparison between Zorn ELWD and plate load test initial modulus (EV1) showed 
relatively better correlations (R2 = 0.7) compared to correlation between Zorn ELWD 
and plate load test reload modulus (EV2) (R2 = 0.4).  The Zorn ELWD is on average 
1.58 times EV1 and 0.47 times EV2.   
• The COV of Zorn ELWD is observed to be generally lower compared to Keros or 
Dynatest ELWD values with one exception at field study 3b.  Some field studies 
showed considerable differences in the COV (e.g. field study 2 and 3a).  To achieve 
good reliability and confidence in the test measurements, it is important to plan and 
calculate the number of tests depending on the variability of the measurements. 
• Due to variations in buffer stiffnesses, differences in applied contact stresses should 
be expected between Keros and Dynatest 3031 devices set up with similar drop 
heights.  Despite the differences in applied stresses, the ELWD-D2(50) and ELWD-K2(50) 
showed comparable results with a slope of linear regression equation close to 1 and 
R2 value of 0.94.  
• In general, the ELWD values increase with decreasing plate diameters, which is 
consistent with observations by other researchers (e.g., Chaddock and Brown 1995; 
Lin et al. 2006).  The ratio of ELWD from 150-mm and 100-mm plates to ELWD from 
300-mm plate showed some considerable differences with difference in material 
stiffness; i.e., the ratio generally tends to increase with increase in material stiffness.    
• For the granular materials tested, the Zorn ELWD increases with increasing plate 
contact stresses with stiffer material presenting a greater increase in ELWD.  The Keros 
and Dynatest devices showed an opposite trend.  However, the effect of applied stress 
on Keros and Dynatest ELWD appear to have less influence (by about 10%) for 
increase in contact stresses above 100 kPa.    
• Variations observed in ELWD-D and ELWD-K by modifying the buffer stiffnesses are 
insignificant when the results are compared at similar applied contact stresses, for the 
granular materials tested in field study 5.   
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2.9 Notations 
a  =  Radius of the plate  
B =  Width of footing  
B =  Diameter of plate used in plate load test  
C  =  Spring constant 
D = Flexural rigidity of plate 
COV = Coefficient of variation 
d0  =  Measured settlement 
dLWD-K2(y)= Deformation measured under a 200-mm diameter plate Keros LWD device 
with drop height of “y” cm 
dLWD-Z2(y)= Deformation measured under a 200-mm diameter plate Zorn LWD device 
with drop height of “y” cm 
E  =  Elastic modulus  
Es = Soil elastic modulus 
EFWD = Elastic modulus determined using 300-mm diameter plate falling weight 
deflectometer (FWD) device 
ELWD = Elastic modulus determined using light weight deflectometer (LWD) device 
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ELWD-E3 = Elastic modulus determined using 300-mm diameter plate ELE LWD device 
ELWD-K2(y)= Elastic modulus determined using 200-mm diameter plate Keros LWD 
device with drop height of “y” cm 
ELWD-K3(y)= Elastic modulus determined using 300-mm diameter plate Keros LWD 
device with drop height of “y” cm 
ELWD-LM = Elastic modulus determined using Loadman LWD device  
ELWD-P3 = Elastic modulus determined using 300-mm diameter plate Prima 100 LWD 
device 
ELWD-T3  = Elastic modulus determined using 300-mm diameter plate TFT LWD device 
ELWD-Z2(y)= Elastic modulus determined using 200-mm diameter plate Zorn LWD device 
with drop height of “y” cm 
ELWD-Z2(y)= Elastic modulus determined using 300-mm diameter plate Zorn LWD device 
with drop height of “y” cm 
Ep = Modulus of elasticity of plate 
EV1, E V2 = Initial or reload modulus, respectively, from 300-mm static plate load test 
F  =  Applied force  
f   =  Shape factor  
g =  Acceleration due to gravity 
h =  Drop height  
ks, k300 =  Modulus of subgrade reaction from a static plate load test (300 – plate 
diameter in mm) 
k1  =  Stiffness estimated from a static plate load test  
m =  Mass of falling weight  
n = Number of tests 
μ = Statistical mean 
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v =  Poisson’s Ratio 
vp =  Poisson’s ratio of the plate 
σ =  Standard deviation 
σ0  =  Applied stress  
σ0  =  Applied stress  
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TABLE 2.1⎯ Summary of shape factors in ELWD estimation (Terzaghi and Peck 1967; Fang 
1991) 
Plate type Soil type Stress distribution (shape) 
Shape 
factor (f) 
Rigid Clay (elastic material) 
Inverse 
Parabolic 
 π/2 
Rigid Cohesionless sand Parabolic 
 8/3 
Rigid 
Material with 
intermediate 
characteristics 
Inverse 
Parabolic to 
Uniform 
 π/2 to 2 
Flexible Clay (elastic material) Uniform 
 2 
Flexible Cohesionless Sand Parabolic 
 8/3 
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TABLE 2.2⎯ Brief comparison between different LWD devices. 
Device§ 
Plate 
Diameter 
(mm) 
Falling 
Weight 
(kg) 
Maximum 
Applied 
Force 
(kN) 
Load 
Cell 
Total 
Load 
Pulse 
(ms) 
Type of 
Buffers 
Deflection Transducer 
Type Location
Range 
(mm) 
Zorn 
100, 
150, 
200, 300 
10, 15 7.07 No 18 ± 2 
Steel 
Spring 
Accelero
-meter Plate 
0.2 to 
30 (± 
0.02) 
Keros 150, 200, 300 
10, 15, 
20 15.0 Yes 
15 – 
30 
Rubber 
(Conical 
shape) 
Velocity Grou- nd 
0 to 2.2 
(± 
0.002) 
Dynatest 
3031 
100, 
150, 
200, 300 
10, 15, 
20 15.0 Yes 
15 – 
30 
Rubber 
(Flat) Velocity 
Grou- 
nd 
0 to 2.2 
(± 
0.002) 
Prima 100, 200, 300 10, 20 15.0 Yes 
15 – 
20 
Rubber 
(Conical 
shape) 
Velocity Grou- nd 
0 to 2.2 
(± 
0.002) 
Loadma
n 
110, 
132, 
200, 300 
10 17.6 No 25 – 30 Rubber 
Accelero
-meter Plate —
† 
ELE 300 10 —† No —† —† Velocity Plate —† 
TFT 200, 300 10 8.5 Yes 15 – 25 Rubber Velocity 
Grou- 
nd —
† 
CSM 200, 300 10 8.8 Yes 15 – 20 Urethane Velocity Plate —
† 
Notes: §Light Drop Weight Tester ZFG2000 by Gerhard Zorn, Germany; Keros Portable FWD and Dynatest 
3031 by Dynatest, Denmark; Prima 100 Light Weight Deflectometer by Carl Bro Pavement Consultants, 
Denmark; Loadman by AL-Engineering Oy, Finland; Light Drop Weight Tester by ELE; TRL Foundation 
Tester (TFT) – a working prototype at the Transport Research Laboratory, United Kingdom; Colorado School 
of Mines (CSM) LWD device. †Unknown. 
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TABLE 2.3⎯Correlations between different in-situ modulus test devices. 
Correlation Material description Ref. 
ELWD-Z3 = 0.45 to 0.56 EV2 Granular materials  Weingart (1993) 
ELWD-Z3 = 0.50 to 0.60 EFWD-3 Unknown Shahid et al. (1997) 
ELWD-Z3 = 0.50 to 0.56 EV2 Unknown ZTVA-StB (1997) 
ELWD-Z3 = 0.53 EFWD-3  
ELWD-T3 = 0.90 EFWD-3 
Granular capping and clay subgrade 
materials 
Fleming et 
al. (1998) 
ELWD-P3 = 0.97 EFWD-3  (R2 = 0.60) 
ELWD-Z3 = 0.63 EFWD-3  (R2 = 0.38) 
ELWD-T3 = 1.13 EFWD-3   (R2 = 0.53) 
ELWD-Z3 = 0.63 ELWD-P3 (R2 = 0.33) 
ELWD-T3 = 1.13 ELWD-P3 (R2 = 0.37) 
Granular capping materials Fleming et al. (2000) 
ELWD-Z3 = 0.43 to 1.43 EFWD-3  
ELWD-T3 = 0.81 to 1.40 EFWD-3  
Natural and stabilized clay, and 
granular capping materials 
Fleming et 
al. (2000) 
EFWD  = 1.40 to 2.50 ELWD-E3 (Avg. 2.0 
ELWD-E3) 
EFWD  = 0.60 to 1.60 ELWD-P3  (Avg. 1.0 
ELWD-P3) 
Hydraulic mix granulates (very stiff 
self-cementing materials) 
Groenendijk 
et al. (2000) 
ELWD-Z3 = 0.30 to 0.40 EFWD-3 
EV2 = 
 Z3-LWDE300
300600 −−  
Unknown 
Livneh and 
Goldberg 
(2001) 
ELWD-LM = 0.65 EFWD-3 
ELWD-LM = 0.67 EPLT       (see Note a) 
ELWD-Z3 = 0.40 EFWD-3  
ELWD-Z3 = 0.41 EPLT      (see Note a)  
ELWD-K3 = 0.79 EFWD-3 
ELWD-K3 = 0.81 EPLT         (see Note a)   
ELWD-K3 = 1.22 ELWD-LM and 1.97 ELWD-Z3  
Very gravelly moraine sand materials Hildebrand (2003) 
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TABLE 2.3⎯Correlations between different in-situ modulus test devices (continued). 
Correlation Material description Ref. 
EV1 = 22 + 0.70 E LWD-P3    (R2 = 0.92) 
EV2 = 20.9 + 0.69 E LWD-P3 (R2 = 0.94) 
EFWD-3 = 0.97 ELWD-P3 (R2 = 0.94) 
EV1 = 1.041 ELWD-P3 (R2 = 0.92) 
EV2 = 0.875 ELWD-P3 (R2 = 0.97) 
Natural and stabilized clay, and 
crushed limestone and stabilized 
aggregate base/subbase material  
Nazzal et al. 
(2004) 
3ZLWD1V E6
5E −=  Cohesive soils with ELWD-Z3 ranging between 10 to 90 MPa 
Adam and 
Kopf 
(2004) 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−= − 3ZLWD1V E180
180ln150E  or 
5.12E
4
5E 3ZLWD1V −= −  
Non-cohesive soils with ELWD-Z3 
ranging between 10 to 90 MPa 
Adam and 
Kopf 
(2004) 
EV1 = 0.91 ELWD-P3 – 1.81     (R2 = 0.84) 
EV2 = 25.25  e P3-LWD0.006E        (R2 = 0.90) 
  
 USCSb: GC, GC, GW, GP, SP, CL-
ML, CL 
Alshibli et 
al. (2005) 
ELWD-Z3(72) = 2.0 k300 (R2 = 0.76) USCS b : SM Kim et al. (2007) 
ELWD-K2(63) = 1.75 ELWD-Z2(63) (R2 = 0.88) USCS b : CL, SP-SM this paper 
ELWD-K3(72) = 2.16 ELWD-Z3(72) (R2 = 0.50) USCS b : SP to SW-SM this paper 
ELWD-D2(50) = 1.70 ELWD-Z2(50) (R2 = 0.94) USCS b : SP, SP-SM, SM, CL this paper 
ELWD-K2(50) = 0.96 ELWD-D2(50) (R2 = 0.94) USCS b : SM, CL this paper 
a it is unknown whether EPLT refers to initial or reload modulus 
b materials classified according to Unified Soil Classification System (USCS) 
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TABLE 2.4⎯Summary of Zorn and Keros/Dynatest 3031 LWD test conditions.  
Description Keros/Dynatest 3031
Zorn ZFG 2000 
Drop Weight 10 kg 10 kg 
Diameter of 
Plate 200 and 300 mm 
100, 150, 200 
and 300 mm 
Load Sensor Load Cell Range: 0 – 19.6 kN 
None (constant applied force 
using Eq. 5.4) 
Deflection 
Sensor 
Geophone
(velocity 
transducer)
Accelerometer 
Modulus 
Estimation 
Eq. 2.1 for modulus estimation with assumptions*:  
v = 0.4 (for all soils) 
f = π/2 for field study 1a (clay subgrade) 
f = 2 for field study 1b (granular base underlain by 
clay subgrade) 
f = 8/3 for field studies 2, 3a, 3b, 3c, 4, and 5.  
             *LWD plates and plate used for static PLT tests are assumed as truly rigid.
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TABLE 2.5⎯Summary of field studies and index properties of materials. 
Parameter 
Field 
Study 1a 
Field 
Study 1b 
Field 
Study 2 
Field 
Study 3a 
Field 
Study 3b 
Field 
Study 3c 
Device Zorn and Keros Zorn and Keros 
Dynatest 3031  
and Zorn Zorn 
Testing 
Layer Subgrade 
Class 5 
Base 
Granular 
subgrade 
and capping 
Select 
granular 
subbase 
Granular 
base 
Gravel 
road 
cu* — 22.07 2.67 to 7.67 4.54 4.82 3.05 
cc* — 0.90 0.12 to 0.71 1.42 1.23 1.23 
LL (%) 31 Non-plastic Non-plastic 
Non-
plastic 
Non-
plastic 
Non-
plastic 
PI 13 Non-plastic Non-plastic 
Non-
plastic 
Non-
plastic 
Non-
plastic 
AASHTO 
Classification A-6 (5) A-1-b A-3 A-1-b A-1-b A-1-a 
USCS 
Classification 
and Material 
Description 
(ASTM 
D2487-00) 
CL SP-SM SP to SW-SM SP SP-SM GP 
Sandy 
lean clay 
Poorly 
graded 
sand with 
silt and 
gravel 
 
Poorly 
graded sand 
to well-
graded sand 
with silt 
Poorly 
graded 
sand 
Poorly 
graded 
sand with 
silt 
Poorly 
graded 
gravel 
*cu – coefficient of uniformity, cc = coefficient of curvature 
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TABLE 2.5⎯Summary of field studies and index properties of materials (continued). 
Parameter 
Field 
Study 4 
Field 
Study 5 
Field 
Study 6 
Field 
Study 7a 
Field 
Study 7b 
Device Zorn, Keros, and Dynatest 3031 Zorn, Dynatest 3031, static PLT 
Testing Layer Granular subgrade 
Gravel 
road Subgrade Granular base 
      
cu* 23.54 262.08 — — 85.4 
cc* 7.97 1.94 — — 0.8 
LL (%) Non-plastic 
Non-
plastic 30 NP NP 
PI Non-plastic 
Non-
plastic 14 NP NP 
AASHTO 
Classification A-2-4 A-1-b A-6(6) A-1-a A-1-a 
USCS 
Classification 
and Material 
Description 
(ASTM 
D2487-00) 
SM SM CL SP-SM SP-SM 
Silty 
sand 
Silty 
sand 
Sandy 
lean clay 
Poorly 
graded 
sand with 
silt and 
gravel 
Poorly 
graded 
sand with 
silt and 
gravel 
*cu – coefficient of uniformity, cc = coefficient of curvature 
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TABLE 2.6⎯Summary statistics of modulus measurements from different field studies. 
Field Study 
Measurement
(MPa) n μ σ COV (%) 
Field Study 1a 
ELWD-Z2(63) 13 50.9 31.0 61 
ELWD-K2(63) 13 88.8 55.2 62 
Field Study 1b 
ELWD-Z2(63) 124 33.5 18.0 54 
ELWD-K2(63) 124 56.8 36.6 64 
Field Study 2 
ELWD-Z2(63) 46 87.8 28.0 32 
ELWD-Z3(72) 46 62.2 16.7 27 
ELWD-K3(72) 46 140.1 58.8 42 
Field Study 3a 
ELWD-Z2(50) 11 74.2 6.9 9 
ELWD-D2(50) 11 139.8 33.0 24 
Field Study 3b 
ELWD-Z2(50) 15 75.7 15.9 21 
ELWD-D2(50) 15 117.0 22.3 19 
Field Study 4 
ELWD-Z2(50) 20 23.2 5.3 23 
ELWD-D2(50) 20 46.9 15.5 33 
ELWD-K2(50) 20 42.9 12.5 29 
Field Study 6 
ELWD-Z2(50) 14 14.7 4.2 29 
ELWD-D2(50) 14 32.8 12.9 39 
ELWD-K2(50) 14 30.2 9.8 33 
Field Study 7a 
ELWD-Z2(50) 140 31.0 22.7 73 
EV1 155 16.6 15.4 93 
EV2 155 61.1 50.2 82 
Field Study 7b 
ELWD-Z2(50) 273 42.3 11.7 28 
ELWD-D2(50) 273 64.7 18.9 29 
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FIG. 2.1⎯Relationship between material stiffness and diameter of bearing plate 
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FIG. 2.2⎯Relationship between plate rigidity, modulus of soil, and contact stress 
distribution under a plate for elastic subgrade material (using Borowicka (1936) procedure) 
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       (a)   (b)                                             (c) 
FIG. 2.3⎯Schematic with example output of LWD devices used in this study (a) Zorn ZFG 
2000 (b) Keros (c) Dynatest 3031 
Weight Release
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Display Unit
Guide Rod
Loading Plate
Geophone 
(Spring Loaded)
Weight Release
Drop Weight
Steel Springs
Zorn Display
Unit
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accelerometer
Load Cell
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0
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2.      193.2        0.576
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Avg     189.6        0.570
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FIG. 2.4⎯Relationships between ELWD values from different devices: (a) 200-mm Keros 
and Zorn, (b) 300-mm Keros and Zorn, (c) 200-mm Dynatest and Zorn, (d) 200-mm 
Dynatest and Keros, (e) 200-mm Zorn and 300-mm static plate load test initial modulus, and 
(f) 200-mm Zorn and 300-mm static plate load test reload modulus
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              (a)         (b) 
FIG. 2.5⎯ Results from field study 1a and 1b: (a) Comparison between deflection 
measurements by Zorn and Keros devices, (b) Frequency distribution of impact force by 
Keros LWD device and comparison to Zorn assumed impact force 
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FIG. 2.6⎯Frequency distribution of impact force at drop height 50 cm by Keros and 
Dynatest LWD devices and comparison to Zorn assumed impact force (field study 4) 
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FIG. 2.7⎯ Relationship between 200-mm and 300-mm plate Zorn ELWD 
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FIG. 2.8⎯ Influence of plate diameter and applied stress on Zorn ELWD from field studies 3 
and 4 
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FIG. 2.9⎯ Influence of applied stress and effect of buffer stiffness on ELWD with different 
plate diameters from field study 5 
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FIG. 2.10⎯ Effect of buffer type and stiffness on applied force for different LWD devices 
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CHAPTER 3. GEOSTATISTICAL ANALYSIS FOR SPATIALLY REFERENCED 
ROLLER-INTEGRATED COMPACTION MEASUREMENTS 
Pavana KR. Vennapusa, David J. White, and Max D. Morris 
A paper submitted to Journal of Geotechnical and Geoenvironmental Engineering, ASCE. 
 
3.1 Abstract 
An approach to quantify non-uniformity of compacted earth materials using spatially 
referenced roller-integrated compaction measurements and geostatistical analysis is 
discussed.  Measurements from two detailed case studies are presented in which univariate 
statistical parameters are discussed and compared to geostatistical semivariogram modeling 
parameters and analysis.  The univariate and geostatistical parameter values calculated from 
the roller-integrated measurements are also compared to traditional spot test acceptance 
criteria.  Univariate statistical parameter values based on roller-integrated measurement 
values provide significantly more information than traditional point measurements, while 
geostatistics can be used to identify regions of non-compliance and prioritize areas for 
rework.   
 
3.2 Introduction 
Roller-integrated compaction monitoring (RICM) technologies for earth materials 
provide spatially referenced compaction measurements in real time with 100% coverage, 
which is a significant improvement over conventional spot test density measurements.  This 
is accomplished by instrumenting the roller with sensors (e.g., accelerometer, torque sensor) 
that evaluate machine-ground interactions, a global positioning system (GPS) for mapping, 
and a computer to record, analyze, and output the data.  There are at least six RICM 
measurement values: omega value (ω), compaction meter value (CMV), compaction control 
value (CCV), roller-determine stiffness (ks) and vibration modulus (EVIB), and machine drive 
power (MDP) (see Mooney and Adam 2007, White et al. 2005).  Measurements are 
commonly recorded every 0.1 to 0.5 m and are integrated over the width of the roller drum 
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(typically about 2.1 m).  GPS coordinates are assigned to create spatially referenced maps of 
the measurements.  The measurements have been correlated to a variety of in-situ spot test 
measurements (Floss et al. 1983, Samaras et al. 1991, Brandl and Adam 1997, White and 
Thompson 2008, Thompson and White 2008).  Spatial comparisons between in-situ spot test 
measurements and roller-integrated measurements are documented by Thompson and White 
(2007) and White et al (2008b).   
With the ability of real-time viewing of compaction data, the technology offers an 
opportunity to improve process control, construct more “uniform” foundation layers, and 
reduce rework and overwork in areas that have already met the specification.   Although 
there are several identified benefits of implementing this technology, challenges exist with 
interpreting data and developing suitable specifications for acceptance.  White et al. (2008b) 
reviewed five different RICM specifications which showed that univariate statistics (i.e., 
mean and standard deviation) are typically used for quality control criteria (e.g., ZTVE-StB 
1994, RVS 8S.02.6 1999, ATB Väg 2004, ISSMGE 2005, Mn/DOT 2006).  Univariate 
statistics, however, do not address the issue of uniformity from a spatial standpoint.   Two 
datasets with identical distributions of the data (having similar mean, standard deviation, 
etc.), can have significantly different spatial characteristics.  Geostatistical analysis tools, 
such as a semivariogram model (Fig. 3.1), in combination with univariate statistics could 
potentially be utilized to effectively address the issue of uniformity, identify poorly 
compacted areas, and improve process control during earthwork operations.   
Geostatistical analysis could also be beneficial in evaluating the performance of 
geotechnical structures like shallow foundations and pavement layers.  Generally, pavement 
design considers the foundation layers as a layered medium with uniform material properties 
in each layer.  However, in reality, soil engineering parameters generally show significant 
spatial variation.  Spatial variation of strength, stiffness, and permeability properties of 
pavement foundation layers are documented by Vennapusa (2004) and White et al. (2004).  
Results of analysis by considering average values, i.e., by treating soil properties as uniform 
may vary considerably from actual performance (White et al. 2004, Griffiths et al. 2006).  
Influence of spatial variability in soil engineering properties on the performance of 
geotechnical structures are becoming increasingly popular over a wide range of geotechnical 
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applications (e.g., Mostyn and Li 1993, Phoon et al. 2000, White et al. 2004, Griffiths et al. 
2006).  The spatially referenced RICM data can provide better characterization of the spatial 
variability of selected engineering properties.  If the data can be linked to suitable 
analytical/numerical models, new insights into spatial load-deformation analysis can be 
developed and is a subject of on-going research.   
The main objectives of this paper are to: (a) provide an overview of geostatistical 
analysis procedures for spatially referenced RICM to characterize and model spatial 
variability using semivariogram analysis, (b) identify challenges involved in performing the 
analysis, (c) compare spatial statistics with univariate statistics in characterizing non-
uniformity, and (d) demonstrate the practical significance of the analysis results.  Detailed 
measurements from two case studies are analyzed for these purposes and presented in this 
paper.     The analysis approach would be applicable to any of the RICMs referenced above.   
 
3.2 Backgroud 
3.2.1 Roller-Integrated Compaction Measurement Values 
Caterpillar’s CS-533E and CS-563E smooth drum soil compaction rollers equipped 
with RICM technology were used in the two field studies documented in this paper.  These 
rollers simultaneously calculated the vibratory-based compaction meter value (CMV) and 
resonant meter value (RMV), and static or vibratory-based machine drive power (MDP).  A 
brief description of these technologies is provided below.   
CMV is a dimensionless compaction parameter developed by Geodynamik that 
depends on roller dimensions, (i.e., drum diameter and weight) and roller operation 
parameters (e.g., frequency, amplitude, speed) and is determined using the dynamic roller 
response (Sandström 1994).  It is calculated using Eq. 3.1, where C is a constant (300), A2Ω = 
the acceleration of the first harmonic component of the vibration, AΩ = the acceleration of the 
fundamental component of the vibration (Sandström and Pettersson 2004).   Correlation 
studies relating CMV to soil dry unit weight, strength, and stiffness are documented in the 
literature (e.g., Floss et al. 1983, Samaras et al. 1991, Brandl and Adam 1997, Thompson and 
55 
 
White 2008, White and Thompson 2008).   
Ω
Ω
A
AC  CMV 2⋅=         (3.1) 
RMV provides an indication of the drum behavior (e.g. continuous contact, partial 
uplift, double jump, rocking motion, and chaotic motion) and is calculated using Eq. 3.2, 
where A0.5Ω = subharmonic acceleration amplitude caused by jumping (the drum skips every 
other cycle).   
Ω
Ω
A
AC  RMV 0.5⋅=              (3.2) 
According to Adam and Kopf (2004), RMV = 0 theoretically indicates that the drum 
is in a continuous or partial uplift mode.  When RMV > 0, drum enters double jump mode 
and transitions into rocking and chaotic modes.  Based on numerical studies, Adam (1997) 
showed that as the soil stiffness increases CMV increases almost linearly for the roller drum 
in a continuous or partial uplift mode.  With increasing soil stiffness, the drum transitions to 
double jump mode where RMV increases and CMV decreases rapidly.  With further increase 
in ground stiffness, CMV decrease to a minimum value and then increases again.  This 
relationship between drum operation mode, RMV, and ground stiffness is identified as a 
distinctive feature of CMV (Adam 1997 and Sandström 1994).  The interpretation of CMV 
thus must not be absent of evaluating RMV.  Although this effect has been identified by 
several researchers, to the authors’ knowledge, it lacked attention in the literature on how to 
consider from a specification/quality assurance standpoint (data analysis using RMV 
measurements is presented in Case study II later in this paper).  New developments in RICM 
technology with variable feedback control systems (referred to as intelligent compaction 
(IC)) help control the drum behavior to prevent double jump by automatic adjustment of 
frequency and/or amplitude (Adam and Kopf 2004). 
MDP is a machine power-based technology that monitors and empirically relates 
mechanical performance of the roller during compaction to the properties of the compacted 
soil.  It is calculated using Eq. 3.3 where Pg = gross power needed to move the machine, W = 
roller weight, a = machine acceleration, g = acceleration of gravity, θ = slope angle (roller 
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pitch), V = roller velocity, and m and b = machine internal loss coefficients specific to a 
particular machine.  The use of roller machine power for indicating soil compaction is 
documented in the literature (e.g., White et al. 2005, White et al. 2006, Thompson and White 
2008).  MDP measurements can be made in static or vibratory mode.  
( )bmV 
g
asin WVP  MDP g +−⎟⎟⎠
⎞
⎜⎜⎝
⎛ +−= θ      (3.3) 
The two rollers used in the case studies presented in this paper were equipped with a 
GPS system to spatially reference the RICM measurements.  The mapped data is viewed in 
real time using an on-board compaction monitor.  
 
3.3 Geostatistical Analysis 
Geostatistics characterize and quantify spatial variability.  The semivariogram γ(h) is 
a common analysis tool to describe spatial relationships in many earth science applications 
and is defined as one-half of the average squared differences between data values that are 
separated at a distance h (Isaaks and Srivastava 1989).  If this calculation is repeated for 
many different values of h, as the sample data will support, the result can be graphically 
presented as shown in Fig. 3.1 (shown as circles), which constitutes the experimental 
semivariogram plot.  The mathematical expression to estimate the experimental 
semivariogram is given in Eq. 3.4 for reference, where z(xi) is a measurement taken at 
location xi, and n(h) is the number of pairs h units apart in the direction of the vector, and 
∧γ is 
an experimental estimate of the underlying variogram function γ (Olea, 2006).   
2
12
1 )]x(z)hx(z[
)h(n
)h( i
)h(n
i
i −+∑= =
∧γ      (3.4) 
The three main characteristics, by which a semivariogram plot is often summarized, 
include the following (Issaks and Srivastava 1989): 
Range (a): As the separation distance between pairs increase, the 
corresponding semivariogram value will also generally increase.  Eventually, 
however, an increase in the distance no longer causes a corresponding 
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increase in the semivariogram, i.e., where the semivariogram reaches a 
plateau.  The distance at which the semivariogram reaches this plateau is 
called as range.  Longer range values suggest greater spatial continuity or 
relatively larger (more spatially coherent) “hot spots”.  
Sill (C0+C): The plateau that the semivariogram reaches at the range is called the sill. 
A semivariogram (which is one-half of variogram) generally has a sill that is 
approximately equal to the variance of the data (Srivastava 1996).        
Nugget Effect (C0): Though the value of the semivariogram at h = 0 is strictly zero, 
several factors, such as sampling error and very short scale variability, may cause 
sample values separated by extremely short distances to be quite dissimilar. This 
causes a discontinuity at the origin of the semivariogram and is described as nugget 
effect. 
Some important points to note are that a semivariogram model is stable only if the 
measurement values are stationary over an aerial extent.  If the data values are non-
stationary, spatial variability should be modeled only after appropriate transformation of the 
data (Clark and Harper 2002).  If the values show a systematic trend, this trend must be 
modeled and removed prior to modeling a semivariogram (Gringarten and Deutsch 2001).  
An example with polynomial trend surface analysis is presented later in this paper.  
In addition to quantifying spatial variability, geostatistics can be used as a spatial 
prediction technique, i.e., for predicting a value at unsampled locations based on values at 
sampled locations.  Kriging is a stochastic interpolation procedure (Krige 1951), by which 
the variance of the difference between the predicted and “true” values is minimized, using a 
semivariogram model.  Kriging was used to create smoothed contour maps of RICM point 
data for analysis of non-uniformity and comparison to maps of different in-situ spot test 
measurement values.  Kriging is further discussed later in this paper. 
3.3.1 Fitting a Theoretical Model 
The major purpose of fitting a theoretical model to the experimental semivariogram is 
to give an algebraic formula for the relationship between values at specified distances.  There 
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are many possible models to fit an experimental semivariogram.  Some commonly used 
models include linear, spherical, exponential, and Gaussian models.  Mathematical 
expressions for these models are presented in Table 3.1.  Detailed descriptions of these 
theoretical models can be found elsewhere in the literature (e.g., Isaaks and Srivastava 1989, 
Clark and Harper 2002). 
The range is well defined in case of a spherical model, i.e., where the sill reaches its 
plateau.  It cannot be interpreted, however, in the same manner for other models (Clark and 
Harper 2002).  For example, exponential and gaussian models have only asymptotic sills, and 
approximate ranges for these models (distances at which the asymptotic sill is closely 
approximated) are three to five times larger than range values for closely matched spherical 
models. Some researchers used effective range as 3a for the exponential semivariogram (e.g., 
Erickson et al.  2005). 
 
3.4 Case Studies 
Roller-integrated compaction measurements obtained from two case studies were 
analyzed using geostatistical methods and are presented in this section. A brief summary of 
conditions for each case study is provided in 4.2.  Exponential models were found to fit well 
with most of the experimental semivariograms, while spherical models fit less frequently.  
For purposes of comparing datasets, only exponential models were fit to the experimental 
semivariograms discussed in this paper.  Models were checked for “goodness” using the 
modified Cressie goodness fit method, suggested by Clark and Harper (2002), and a cross-
validation process.  The nugget effect was modeled using the variance of the measured value 
from the nearest neighbor statistics as the upper bound of the nugget value.  The best fit 
model was selected based on a combination of best possible Cressie goodness factor and 
cross-validation results.   
3.4.1 Case Study I 
The test area was prepared with two distinctly different subsurface conditions:  
relatively stiff, sandy lean clay subgrade (CL) and CA6 gravel base material (SW-SM), 
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underlain by sandy lean clay subgrade (see Fig. 3.2).  Index properties of these two soil types 
are summarized in Table 3.3.  The section with CA6 material was originally compacted using 
several roller passes to create a stable platform.  A portion of this section adjacent to the 
subgrade was scarified to approximately 200 to 250 mm to create a loose condition and 
differences in the compaction measurements.  The CS 533E smooth drum roller was used for 
mapping the test area in eight parallel roller lanes.  CMV and MDP output from the roller are 
presented in Fig. 3.3.  After mapping the test area, in-situ compaction test measurements, 
using a dynamic cone penetrometer (DCP) and 200-mm plate Zorn light weight 
deflectometer (LWD), were performed at 144 test locations shown on Fig. 3.2.  DCP tests 
were performed in accordance with ASTM D6951.  LWD tests were performed, following 
manufacturer recommendations to determine ELWD (Zorn 2003).  The spot tests were 
positioned such that the boundaries of non-stationary conditions (i.e., different subsurface 
conditions) were captured in the semivariogram modeling and interpolation process.  
A frequency distribution plot and the semivariogram results for the test area are 
presented in Fig. 3.4 for CMV measurements. The frequency distribution is skewed to the 
right, and the semivariogram plot shows increasing variance above the theoretical sill (i.e., 
actual sample variance ~ 95) with separation distance.  The findings from Fig. 3.4a are 
generally indicators of non-stationarity and trend (Gringarten and Deutsch 2001) in the CMV 
values.  However, the semivariogram does not indicate the form of the trend in the values.  A 
polynomial trend surface analysis, common to geological applications (e.g., Whitten 1963), 
was selected to remove the trend before modeling a semivariogram.  This analysis assumes 
that the measured value is made up of a “trend” component, which is represented by a 
polynomial function of X and Y (spatial coordinates), and a residual or error component, ε  
(Clark and Harper 2002).   The trend is modeled using linear (Eq. 3.6), quadratic (Eq. 3.7), or 
cubic models (Eq. 3.8).  The best fit model was determined using the method of least squares.    
iiii YbXbbg ε+++= 210        (6)
 iiiiiiii YbYXbXbYbXbbg ε++++++= 25423210      (7)
 iiiiiiiiiiiiii YbYXbYXbXbYbYXbXbYbXbbg ε++++++++++= 3928273625423210   (8) 
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If the trend is removed successfully, the residual values, ε, of the analysis parameter 
after detrending should be spatially stationary (Clark and Harper 2002).  Analysis of variance 
(ANOVA) results were used to help judge the suitability of a representative least squares fit 
from the polynomial trend surface analysis.  The F ratio statistic of a quadratic trend surface 
explained a greater significance over the linear and cubic trend surfaces.  The CMV residuals 
after quadratic detrending approximate a normal distribution, and the semivariogram plot 
shows a clear spatial structure with well-defined sill and range (Fig. 3.4b).  Similar 
polynomial trend surface analysis was used for the roller measurement value MDP and in-
situ compaction test measurements DCP (blows/200mm) and ELWD in developing distribution 
plots and semivariogram models (Fig. 3.5).  The MDP, DCP, and ELWD values exhibited a 
quadratic trend similar to CMV.   Using the semivariogram models, kriged contour surface 
maps of roller-integrated measurement values and in-situ spot test measurements were 
created, as shown in Fig. 3.6. 
Of the two roller-integrated compaction measurement values, CMV presented longer 
spatial continuity (a = 2 m) compared to MDP (a = 0.5 m).  Also, MDP values showed 
greater short-scale variability than CMV, as evidenced by the nugget effect present in the 
MDP semivariogram model (Fig. 3.5a).   The reason for this difference can be attributed to 
the influence depths of the two measurement values and the influence of the rear tires for 
MDP.  MDP, which is a measure of rolling resistance and sinkage of the drum and rear tires 
combined, may be heavily affected by surficial characteristics of the compacting soil (White 
et al. 2007a), while CMV is a measure of dynamic roller drum-ground interaction that can be 
influenced by soil characteristics below the compaction layer.   Reportedly, the measurement 
influence depths for smooth drum vibratory rollers range from 0.4 to 0.6 m for a 2-ton roller 
to 0.8 to    1.5 m for a 12-ton roller (ISSMGE 2005).   
The de-trended semivariograms of DCP index (Fig. 3.5b) and ELWD (Fig. 3.5c) 
showed reasonable spatial structure but with more scatter than CMV or MDP.  The kriged 
contour plots of DCP index and ELWD showed comparable spatial distributions with CMV 
(Fig. 3.6).  Some differences should be expected as the DCP values are averaged for the 
upper 200 mm, and the LWD measurements are taken at the surface.  The LWD 
measurements have a measurement influence depth approximately equal to one plate 
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diameter (Sulewska 1998 ), which in this case was 200 mm.   
3.4.2 Case Study II  
This case study was conducted at the TH 64 reconstruction project located south of 
Akeley, Minnesota, USA.  The CS-563E smooth drum IC roller was used at the project site.  
Roller-integrated CMV was used as the primary quality control measurement during 
earthwork compaction process (White et al. 2008a).  Calibration strips were constructed prior 
to production compaction for several soil types and fill sections encountered at the project.  
Target values were established from these calibration strips and used as reference for quality 
control in the production areas.  Acceptance in production compaction was achieved, such 
that at least 90% of a proof area reached at least 90% of the target value, and if significant 
portion of the area exceed 130% of the target value, the project engineer re-evaluated the use 
of an appropriate calibration strip.  Index properties of the fill material are summarized in 
4.3.  Two calibration strips and a proof area were analyzed using geostatistics and are 
described in the following subsections.   
3.4.2.1 Analysis of Calibration Strips 
Subsurface conditions for calibration strip 1 consisted of approximately 1.1-m thick 
fill material placed in four successive lifts, and the final surface layer was compacted using 
seven roller passes.  Calibration strip 2 consisted of 0.25-m thick fill material placed in one 
lift and compacted using eleven roller passes.  Compaction operations for both strips were 
performed in north-south directions and along three and six adjacent roller lanes for strips 1 
and 2, respectively.  A summary of spatial and univariate statistics and comparison to the 
quality assurance criteria are presented in Table 3.4.  Sill and range values for 
omnidirectional semivariograms and directional semivariograms with orientation in the roller 
direction (north-south, N-S) and perpendicular to the rolling lanes (east-west, E-W) are also 
presented in Table 3.4.  
Analysis of directional semivariograms can help determine principle directions of 
anisotropy in the data.  Results show that the sill values in E-W direction were consistently 
lower than in N-S direction, which indicates less variability in E-W direction.  Longer range 
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values were observed in N-S direction semivariogram, which suggests greater spatial 
continuity along the direction of roller travel than in the transverse direction.  Comparison 
between omnidirectional and N-S directional semivariogram statistics from the two 
calibration strips did not reveal significant differences in their spatial statistics.  This is 
expected, as the omnidirectional semivariograms are composed of more data that is oriented 
in the N-S direction than in the E-W direction.  Because the compaction was performed in 
only 3 to 6 adjacent lanes, only a limited number of data points were available to construct 
the E-W directional semivariograms.  This case was true for all other areas of production 
compaction for this project and is typical of road construction projects.  The omnidirectional 
semivariograms account for data in all directions, and as long as the semivariogram presented 
a clearly interpretable structure, it did not appear critical to model anisotropy in the 
semivariogram analysis for this project.  Nevertheless, difference between N-S and E-W 
semivariograms is to be expected due to the spatial nonsymmetry of the measurements as the 
values are located at points in N-S direction but are integrated over the roller length in E-W 
direction.  
A summary of changes in univariate and spatial statistics for calibration strip 1 as a 
function of roller passes is presented in Fig. 3.7a.  The mean CMV increased from 
approximately 41 to 48, and coefficient of variation (COV) decreased from approximately 
17% to 12% with increasing roller passes.  The percent CMV value in 90% to 130% bin for 
the project acceptance criteria increased from about 71% to 89% (see Table 3.4), indicating 
increased compaction and decreased variability of CMV from pass 2 to 7.  The sill value for 
all semivariograms (omnidirectional, N-S, and E-W) generally decreased with increasing 
roller passes, thus indicating increasing uniformity.  No significant changes in range values 
are observed.  
A summary of changes in univariate and spatial statistics for calibration strip 2 as a 
function of roller passes is presented in Fig. 3.7b.  The mean CMV increased slightly from 
about 61 to 66, and COV decreased from about 17% to 11% from passes 2 to 11.  The 
percent CMV value in the 90% to 130% bin increased from about 75% to 93% (see Table 
3.4), which is an indication of decreasing variability and increasing compaction.  No definite 
trend in sill was observed with increasing roller passes.  However, the range value showed a 
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strong second-order polynomial increasing trend with R2 of 0.75 with increasing passes.  
Increasing range with roller passes indicates increasing spatial continuity in CMV.  
3.4.2.2 Analysis of Proof Area 
The subgrade conditions in the proof area consisted of fill material varying from 
about 0.4 m to 1.2 m in thickness, underlain by native sand.  Compaction operations were 
performed longitudinally in N-S direction, along six adjacent lanes.  CMV target value of 42 
established from calibration strip 1 was used as reference for acceptance on this proof area.  
Semivariograms and CMV/RMV kriged contour maps for the proof area, along with 
comparison to calibration strip 1, are presented in Fig. 3.8.  The influence of RMV on CMV 
was discussed earlier in the background section of the paper.  A review of CMV-RMV data 
from the proof area indicated that when CMV reached approximately 60, RMV increased 
indicating a transition in drum behavior from partial uplift to double jump mode.  Although 
double jump mode is theoretically defined as RMV > 0 (Adam and Kopf 2004), based on 
spatial distribution of RMV in the proof area (Fig. 3.8), a value of RMV > 2 was considered 
a practical cutoff value for further analysis.   To filter the resulting low CMV measurements 
in areas with RMV > 2, the CMV measurements were assigned a value of 60 as an indication 
of stiff ground conditions and no additional need of compaction.  The CMV kriged contour 
map in Fig. 3.8 is based on the filtered and modified measurements.  
Comparison of univariate statistics of CMV-measurements and acceptance criteria is 
presented in Fig. 3.8.   Results indicate that this proof area “passed” the quality acceptance 
criterion of achieving 90% of IC-TV in 90% of the evaluated area.  However, if spatial 
statistics between the proof and the calibration strip are compared, the proof area failed to 
achieve the “sill” and “range” values achieved in the referenced calibration strip.  The 
production area consisted of localized areas of soft ground conditions or “hot spots” that have 
CMV < 30, especially along the centerline of the alignment.  These locations generally match 
with the locations of grade stakes in the field and were not subjected to construction traffic 
like the outside lines.  Although the proof area meets the acceptance criteria specified for the 
project based on average values, geostatistical spatial analysis reveals localized areas that 
perhaps could benefit from additional compaction to improve spatial uniformity.   
64 
 
Fig. 3.9 illustrates an example approach to select localized areas within the proof to 
target for additional compaction or other treatment that would contribute to improved 
uniformity.   The area shown in Fig. 3.9 is a section from the proof area about 94 m long, 
which is of similar length to the calibration strip.  If proof areas are checked for quality 
control with reference to a calibration area, then ideally, any given portion of the production 
area with dimensions equal to that of the calibration area should meet the spatial statistics 
established from the calibration.  In Fig. 3.9, kriged surface maps of the original and 
modified CMV data are presented (i.e., CMV < 45 = 45; represents data that are less than 45 
and have been set to 45).  The low CMV data were incrementally increased to represent 
targeted additional compaction.    Also, the semivariograms associated with each CMV data 
set are presented in Fig. 3.9, along with the semivariogram of the calibration strip.   
Comparatively, the semivariogram for modified CMV data – CMV < 48 = 48 closely follows 
the semivariogram of the target calibration strip with similar sill values.  The semivariogram 
of CMV < 52 = 52 modified dataset shows increased uniformity with a lower sill value, 
relative to the calibration strip.   
This approach combined with correction of CMV measurements in areas with high 
RMV provides an optimized solution to target areas that need additional compaction.  It also 
provides quantitative parameters to establish uniformity based on spatial statistics criteria.  
Geostatistical analysis and spatially referenced roller-integrated compaction monitoring 
represent a paradigm shift in how compaction analysis and specifications could be 
implemented in the future. 
 
3.5 Concluding Remarks 
Geostatistical analysis using semivariogram modeling provide a unique opportunity 
to characterize and quantify non-uniformity of compacted earth fill materials, which is often 
considered a key element for geotechnical structures like pavements.   Geostatistical analysis 
and spatially referenced roller-integrated compaction monitoring represent a paradigm shift 
in how compaction analysis and specifications could be implemented in the future.  
However, there are some important steps during semivariogram modeling that need particular 
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attention, which include: (a) performing exploratory data analysis to examine the distribution 
and assess the need for transformation, (b) determining non-stationarity in the data that may 
require polynomial trend surface analysis, (c) modeling anisotropy (directional 
semivariograms herein showed that this is generally not an issue because of limited data 
points in the transverse direction), and (d) understanding and exercising the semivariogram 
model fitting process.  This paper provided two case study examples which emphasized these 
issues during semivariogram modeling.   If automated, the described use of geostatiscs could 
aid the contractor in identifying localized, poorly compacted areas or areas with highly non-
uniform conditions that need additional compaction or other modification and would 
contribute to improved uniformity.   This information could also be used to target quality 
assurance testing by the field engineers. 
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3.7 Notations 
a  =  Machine acceleration 
a = Range of influence (semi-variogram) 
AΩ = Acceleration of the fundamental component of the vibration 
A2Ω = Acceleration of the first harmonic component of the vibration 
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b  =  machine internal loss coefficient specific to a particular machine. 
C0+C = Sill (semi-variogram) 
C0 = Nugget effect (semi-variogram) 
COV = Coefficient of variation 
CMV =  Compaction meter value 
ELWD = Elastic modulus determined by the light weight deflectometer 
g  =  Acceleration due to gravity 
h = Lag or separation distance 
m  =  Machine internal loss coefficient specific to a particular machine 
MDP = Machine drive power 
Pg =  Gross power needed to move the machine 
V  =  Roller velocity 
W =  Weight of the roller 
μ = Statistical mean 
σ = Standard deviation 
θ =  Slope angle (roller pitch) 
∧γ  = Experimental estimate of the underlying variogram function γ  
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TABLE 3.1⎯Commonly used theoretical semivariogram models 
 
Model Name Mathematical Expression 
Linear γ(0) = 0 γ(h) =  nC0 + ph, when h > 0 
Spherical 
γ(0) = 0 
γ(h) = ⎥⎦
⎤⎢⎣
⎡ −+
3
3
0 2a
h
2a
3h C  C  when 0 < h < a  
γ(h) = C  C0 +  when h > a  
Exponential 
γ(0) = 0 
γ(h) = ⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛−−+
a
hexp1 C  C0  when h > 0 
Gaussian 
γ(0) = 0 
γ(h) = ⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ −−+
2
2
0 a
hexp1 C  C  when h > 0 
p = slope of the line 
a = range  
C0 = nugget effect 
C+C0 = sill 
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TABLE 3.2⎯Case studies summary 
 
ID Case Study I 
 
Case Study II 
Roller 
CS 533 E 
(smooth 
drum) 
CS 563E 
(smooth drum) 
Location Edwards, IL Ackeley, MN 
Fill Material 
(USCS) SW-SM, CL SP 
Roller 
Measurement Value 
CMV, RMV, 
MDP CMV, RMV 
Amplitude (mm) 2.00 2.02 
Frequency (Hz) 27.0 31.0 
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TABLE 3.3⎯Summary of soil index properties 
Soil property 
Fill materials  
Case study I Case study II 
Unified Soil Classification 
(USCS) SW-SM CL SP 
AASHTO Classification A-1-b A-2-6 A-3 
Gravel size (%) ( > 4.75mm) 29.5 3.1 4.0 
Sand size (%) (4.75 to 0.075mm) 61.0 28.9 93.0 
Silt + Clay size (%) (< 0.075 
mm) 9.5 68.0 3.0 
Liquid Limit, LL (%) non-plastic 29 non-plastic 
Plasticity Index, PI (%) non-plastic 12 non-plastic 
Optimum moisture content, wopt 
(%) 
(ASTM D 698) 
8.0 13.0 11.8 
Maximum dry unit weight, γdmax 
(kN/m3) (ASTM D 698) 21.40 18.40 17.83 
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TABLE 3.4⎯Comparison of spatial and univariate statistics of CMV with quality assurance 
criteria for calibration strips – case study II  
IC-
TV Pass 
Univariate 
Statistics of 
CMV 
Spatial Statistics of CMV 
QA Criteria  
(Percent of IC-TV) 
Omni-
Directional North - South East - West 
μ σ 
a 
(m) 
C+C0 
(CMV)2 
a 
(m) 
C+C0 
(CMV)2 
a 
(m) 
C+C0 
(CMV)2 
> 
130% 
90% - 
130% 
< 
90% 
42 
2 41.0 6.9 5.0 45.0 5.0 45.0 1.0 40.0 1.0 71.2 27.9 
3 42.6 6.2 5.0 38.0 5.0 38.0 0.5 30.0 1.2 81.5 17.4 
4 44.7 6.3 5.0 36.0 5.0 36.0 1.0 23.0 1.4 87.7 10.9 
6 45.9 6.3 5.0 38.0 5.0 38.0 1.0 26.0 3.8 87.0 9.1 
7 47.6 5.6 6.0 30.0 6.0 30.0 2.0 20.0 6.0 89.0 5.0 
60 
2 61.0 10.0 4.5 91.0 5.5 92.0 2.0 120.0 3.7 75.1 21.2 
3 60.8 9.8 8.0 105.0 7.0 100.0 2.0 100.0 0.8 82.1 17.1 
4 64.1 7.8 4.5 62.0 4.5 62.0 0.5 50.0 1.6 88.7 9.7 
5 64.2 7.6 10.0 74.0 11.0 74.0 1.5 50.0 2.6 87.1 10.3 
6 64.1 7.7 9.0 71.0 10.0 73.0 1.5 45.0 2.4 86.9 10.7 
7 63.7 8.7 9.0 95.0 10.0 98.0 2.0 70.0 2.4 87.9 9.7 
8 65.4 9.2 11.0 105.0 11.0 105.0 1.5 100.0 4.5 88.1 7.4 
9 64.3 8.2 13.0 90.0 13.0 90.0 1.5 40.0 3.2 88.6 8.1 
10 64.4 8.4 11.0 94.0 11.0 94.0 1.5 50.0 4.1 85.4 10.5 
11 65.9 7.4 12.0 80.0 12.0 80.0 1.5 40.0 4.9 92.7 2.3 
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FIG. 3.1⎯Typical sample semivariogram. Comparatively, a semivariogram with a lower sill 
and longer range represents improved uniformity and spatial continuity.    
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    (a)      (b) 
FIG. 3.2⎯ (color) Figures for case study I showing (a) in-situ subsurface conditions and spot 
test locations, (b) picture of compaction process using the Caterpillar’s CS 533E roller  
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FIG. 3.3⎯ (color) CMV (left) and MDP (right) data for case study I represented as points 
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FIG. 3.4⎯Histogram (on left) and omni-directional semivariogram plots (on right) of CMV 
(a) actual data and (b) residuals after quadratic detrending from case study I  
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FIG. 3.5⎯Histogram (on left) and omni-directional semivariogram plots (on right) of 
residuals of (a) MDP, (b) DCP values (blows/250mm), and (c) ELWD after quadratic 
deterending in case study I  
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FIG. 3.6⎯(color) Kriged contour maps of (a) CMV (b) MDP, (c) DCPI, and (d) ELWD in 
case study I  
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FIG. 3.7⎯Change in univariate (μ, σ) and spatial statistics (a, C+C0) of CMV with roller 
passes for calibration strip 1 (on left) calibration strip 2 (on right) in case study II  
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FIG. 3.8⎯ Comparison between calibration and proof areas with univariate and spatial 
statistics for acceptance criteria  
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FIG. 3.9⎯ Kriged surface maps and semivariograms of a selected portion of the proof 
showing variations with modifications in the actual CMV data 
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CHAPTER 4. ALTERNATIVES TO HEAVY TEST ROLLING FOR COHESIVE 
SUBGRADE ASSESSMENT 
David J. White, Pavana KR. Vennapusa, Heath Gieselman, Luke Johanson, John Seikmeier 
A paper submitted to the Eight International Conference on Bearing Capacity of Roads, 
Railroads and Airfields, The University of Urbana-Champaign, June 29-July 2, 2009. 
 
4.1 Abstract 
This paper describes comparison measurements to assess support conditions of 
compacted cohesive subgrade materials using heavy test rolling, roller-integrated compaction 
measurements, and light weight deflectometer (LWD) and dynamic cone penetrometer 
(DCP) point measurements. Results indicate that many of these measurements are 
empirically related.  Further, roller measurement values and LWD/DCP point measurements 
can reliably indicate the rut depth under test rolling. Target values for QA are developed for 
these different measurements with respect to the Mn/DOT heavy test rolling criteria for rut 
depth < 50 mm. DCP profiles on compacted subgrade layers show vertical non-uniformity 
typically with a stiff layer underlain by a soft layer. Support capacities of the subgrade under 
the heavy test roller were analyzed using a layered bearing capacity solution and compared to 
measured rut depths at the surface. A simple chart solution is presented to determine target 
shear strength properties of compacted subgrades from DCP profiles to ensure heavy test 
rolling rut depths are less than the acceptable limit. 
 
4.2 Introduction 
The performance and durability of pavement structures depend heavily on the 
foundation layer support conditions. Several in-situ testing methods have been developed 
over the past five decades to evaluate the support capacities of the subgrade layers in-situ 
during construction. Recently, there has been growing interest in evaluating alternatives to 
traditional quality assurance (QA) point measurements and to heavy test rolling for Mn/DOT 
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projects. Two different roller-integrated compaction measurement technologies along with 
comparisons to dynamic cone penetrometer (DCP) and light weight deflectometer (LWD) 
point measurements are discussed in this paper.   
Heavy test rolling is a widely used quality assurance (QA) technique on earthwork 
construction projects in Minnesota for the subgrade pavement foundation (Mn/DOT 2000). 
Test rolling is performed using a pneumatic wheel roller on a compacted surface and the ruts 
observed beneath the wheels are measured to assess the support conditions. Test rolling has 
the advantage of providing a continuous visual record; however, it can be difficult and 
expensive to setup and operate. 
Roller-integrated compaction monitoring (also referred to as continuous compaction 
control or intelligent compaction) aided with global positioning system (GPS) were 
investigated as alternatives to  test rolling because the measurements can be viewed in real-
time during the compaction process and the data provides100% coverage. Two different 
roller-integrated compaction measurement technologies are discussed in this paper: (1) 
Geodynamik compaction meter value (CMV) and (2) machine drive power (MDP). 
Regardless of the type of measurement technology, by making the compaction machine a 
measuring device, the compaction process can be better controlled to improve quality, reduce 
rework, maximize productivity, and minimize costs, etc. While compaction monitoring 
technologies offer significant advantages, to successfully implement the technology it is 
necessary to develop an understanding of their relationships to con-ventionally used test 
measurements – in this case heavy test rolling. The approach for implementation in 
Minnesota has been to develop material and site specific target roller measurement values 
and LWD values (see Mn/DOT 2006, White et al. 2008).  
LWD and DCP are rapid in-situ quality control/assurance (QC/QA) testing tools that 
are being widely evaluated by several agencies across the globe in earthwork construction 
practice. LWD testing is relatively rapid compared to DCP testing and has the advantage of 
determining elastic modulus which is a primary input in pavement design. The measurements 
are typically influenced by material beneath the plate up to a depth equal to the diameter of 
the loading plate (Kudla et al. 1991).  Dynamic cone penetration index (DPI) measured from 
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DCP test is inversely related to soil strength/stiffness properties and is well discussed in the 
literature (e.g., McElvanet & Djatnika, 1991, Konrad & Lachance, 2001). Correlations 
developed between DPI and undrained shear strength properties are presented later in this 
paper. A major advantage of the DCP test is that it creates a near continuous vertical record 
of soil mechanical properties typically up to a depth of about 1 m, which is critical in 
detecting vertical non-uniformity in compacted fill materials. In this paper, support capacities 
of the subgrade under a test roller is analyzed using DCP profiles and classical layered 
bearing capacity solution proposed by Meyerhof & Hanna (1978). 
Recent field studies assessing compaction quality for cohesive embankment 
subgrades in Minnesota and Iowa (see White et al. 2007a, Larsen et al. 2008) documented 
significant vertical non-uniformity in soil strength/stiffness properties. This condition is 
generally a result of poor moisture control and overly thick lift placement. An example of 
vertical non-uniformity from US14 construction project in Janesville, MN on compacted 
glacial till material is presented in Figure 4.1 (White et al. 2007). DCP tests conducted at five 
select locations in an area of compacted subgrade showed significant vertical non-uniformity 
based on undrained shear strength profiles at each point (undrained shear strength su values 
estimated from DPI using a correlation presented later in this paper). Heavy test rolling 
performed in this area using a 133.5 kN (15 ton) pneumatic tire roller showed rutting on the 
order of 50 mm at points 1, 2, and 4 and minimal rutting at points 3 and 5. The 
comparatively-wet moisture content at the surface and low undrained shear strength 
conditions are believed to have contributed to poor stability under the test roller at points 1, 
2, and 4. The presence of vertical non-uniformity in the support conditions of subgrades is of 
consequence as it can potentially affect the performance of the overlying pavement 
structures.  
In brief, the key objectives of this paper are to: (a) evaluate empirical relationships 
between rut depth measurements from heavy test rolling and roller integrated measurement 
values, and LWD/DCP point measurement values, (b) demonstrate an approach to develop 
target values for roller and point measurement values relating to conventionally accepted rut 
depth measurements, and (c) evaluate the effect of vertical non-uniformity in soil shear 
strength properties on bearing capacity under the test roller.   
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4.3 Background 
4.3.1 Roller-Integrated compaction measurements 
 A CP-563 12-ton padfoot roller equipped with MDP system (Figure 4.2a) and a CS-683 
19-ton smooth drum roller equipped with Geodynamik CMV system were used in this study 
(Figure 4.2b). Controlled field studies documented by White & Thompson (2008) and 
Thompson & White (2008) verified that roller-integrated machine drive power (MDP) can 
reliably indicate soil compaction for granular and cohesive soils.  The basic premise of 
determining soil compaction from changes in equipment response is that the efficiency of 
mechanical motion pertains not only to the mechanical system but also to the physical 
properties of the material being compacted.  MDP is calculated using Equation 4.1.  
( )g aMDP  P WV sin mV bgα
⎛ ⎞= − + − +⎜ ⎟⎝ ⎠  (4.1) 
where Pg = gross power needed to move the machine (kJ/s), W = roller weight (kN), a = 
machine acceleration (m/s2), g = acceleration of gravity (m/s2), α = slope angle (roller pitch 
from a sensor), V = roller velocity (m/s), and m (kJ/m) and b (kJ/s) = machine internal loss 
coefficients specific to a particular machine (White et al. 2005). MDP is a relative value 
referencing the material properties of the calibration surface, which is generally a hard 
compacted surface (MDP = 0 kJ/s). Positive MDP values therefore indicate material that is less 
compact than the calibration surface, while negative MDP values would indicate material that 
is more compacted than the calibration surface (i.e. less roller drum sinkage). The MDP results 
presented in this paper (here after referred to as MDP*) are adjusted on a 1 to 150 scale. The 
calibration surface with MDP = 0 (kJ/s) is scaled to MDP* = 150, and a soft surface with 
MDP = 111.86 (kJ/s) is scaled to MDP* = 1 (from email communication with Mario Souraty, 
Caterpillar, Inc. October 2007). The relationship to calculate MDP* from MDP is provided in 
Equation 3.2 (note that as compaction increases MDP decreases and MDP* increases). 
MDP* 119.7 0.798 (MDP)= − ×  (4.2) 
The CMV technology uses accelerometers to measure drum accelerations in response 
to soil behavior during compaction operations.  The ratio between the amplitude of the first 
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harmonic and the amplitude of the fundamental frequency provides an indication of the soil 
compaction level (Thurner & Sandström, 1980).  An increase in CMV indicates increasing 
compaction.  CMV is calculated using Equation 4.3. 
1
0
A
CMV  C
A
= ⋅  (4.3) 
where C = constant (300), A1 = acceleration of the first harmonic component of the vibration, 
and A0 = acceleration of the fundamental component of the vibration (Sandström & Pettersson, 
2004). CMV is a dimensionless parameter that depends on roller dimensions (i.e., drum 
diameter, weight) and roller operation parameters (i.e., frequency, amplitude, speed).  CMV at 
a given point indicates an average value over an area whose width equals the width of the drum 
and length equal to the distance the roller travels in 0.5 seconds (Geodynamik ALFA-030). 
4.3.2 Test rolling 
Test rolling was performed using a pneumatic tire two-wheeled trailer with each 
wheel weighing 133.5 kN and is towed behind a tractor (Figure 4.2c) in accordance with 
Mn/DOT specifications (Mn/DOT 2000). The two wheels on the trailer were spaced 1.8 m 
apart, and the wheels were inflated to approximately 650 kPa. The contact width and length 
of the wheel were specified as 0.46 m (width) x 0.45 m (length). The depth of the rut beneath 
the roller wheels was measured from the top of the subgrade. If measured rut depths are ≥ 50 
mm, the subgrade is considered unstable and it is specified to treat the subgrade appropriately 
(Mn/DOT 2000).  
4.3.3 In-situ point measurements 
Four different in-situ test methods were employed in this study to evaluate the in-situ 
support conditions: (1) undisturbed Shelby tube (ST) samples, (2) dynamic cone 
penetrometer (DCP), (3) light weight deflectometer (LWD), and (4) static plate load test 
(PLT). Undisturbed samples of compacted subgrade material were obtained by hydraulically 
pushing 71 mm diameter Shelby tube samples (Figure 4.2d). The tube samples were sealed 
and transported to the laboratory for unconfined compression testing in accordance with 
ASTM D2166-91 to determine undrained shear strength, su. DCP tests were performed in 
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accordance with ASTM D6951-03 to measure DPI (Figure 4.2e). DPI values determined for 
correlations presented later in this paper are determined as the ratio of 200 mm penetration 
depth and cumulative number of blows to reach that penetration depth. Zorn LWD tests were 
performed using a 200-mm diameter bearing plate setup with a 10-kg weight dropped from a 
height of 50 cm in accordance with manufacturer recommendations. ELWD-Z2 was 
determined following manufacturer recommendations (Zorn 2003) (assuming Poisson’s ratio 
ν = 0.4 and shape factor f = π/2). For surfaces with padfoot indentations, a level surface was 
prepared for testing by removing the material to the bottom of padfoot penetration to ensure 
repeatable results. Static PLT’s were conducted by applying a static load on 300 mm 
diameter plate against a 6.2kN capacity reaction force. The applied load was measured using 
a 90-kN load cell and deformations were measured using three 50-mm linear voltage 
displacement transducers (LVDTs). The load and deformation readings were continuously 
recorded during the test using a data logger. 
 
4.4 Experimental Testing  
Tests reported in this paper were collected from two cohesive embankment subgrade 
construction projects: (1) US14 located near Janesville, MN and (2) TH60 located near 
Bigelow, MN. Results from US14 are shown in Figure 4.1, and soil index properties are 
presented in Table 4.1.  Four sites (Site A, B, C, and D) were tested on the TH60 project. A 
summary of soil index properties are provided in Table 4.1, and a brief summary of site 
conditions are provided below.  
Sites A and B consisted of one-dimensional test strips with uncompacted fill material 
of thickness in the range of about 0.25 to 0.50 m. The fill material was placed with average 
moisture contents of about 20.0% and 19.2%, respectively. The test strips were compacted 
using the CP 563 padfoot roller using constant machine operation settings a = 1.87 mm, f = 
30 Hz, and v = 3.2 km/h. In-situ point measurements (DPI and ELWD-Z2) were obtained in 
conjunction with the roller compaction measurements. ST samples were obtained after the 
final pass from the compacted subgrade layer at site A for unconfined compression testing. 
Site C consisted of a compacted subgrade material with plan dimensions of about 7.5 m x 30 
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m. The compaction layer was placed at an average moisture content of about 12.5%. The area 
was test rolled and rut depth measurements were obtained from 11 test locations. LWD and 
DCP point measurements were obtained at the rut depth locations. ST samples were obtained 
from select point measurement locations for unconfined compression testing. The area was 
then mapped using the CS 683 smooth drum roller using constant machine operation settings 
a = 0.85 mm, f = 30 Hz, and v = 3.2 km/h. Site D was located in a median area with dark 
brown topsoil material. LWD, DCP, and static PLT measurements were obtained from this 
site.   
4.4.1 Correlations between different QA test measurements 
Relationships derived from experimental testing described above are summarized in 
Figure 4.3. The relationships are first discussed below and then target values are derived 
based on the relationships and compared with target values used on the project. A non-linear 
relationship was found between DPI and undrained shear strength, su (Figure 4.3a). This 
relationship was developed based on unconfined compression tests performed on samples 
obtained from different depths at the DCP test locations. The relationship showed good 
correlation with R2 = 0.6. A similar relationship was published by McElvanet & Djatnika 
(1991) for lime-stabilized materials as shown in Figure 4.3a. Data obtained from this project 
fall slightly below the trend observed by McElvanet & Djatnika (1991).  ELWD and DPI 
showed a non linear relationship with R2 = 0.7 (3.3b). Similar non-linear relationships 
between elastic modulus and DPI are reported by others (e.g. Chai & Roslie 1998).  
Relationships between rut depth measurements with ELWD produced R2 = 0.6 (3.3c). 
Some scatter was evident at rut depths < about 40 mm and the reason is attributed to the 
differences in the influence depths of the two measurements. A stiff compaction layer of at 
least 200 mm in thickness typically results in a high ELWD value (determined from a 200 mm 
diameter plate), while ruts beneath the test roller wheel are a result of subgrade conditions 
well below the compaction layer. An approach to analyze support capacities of the subgrade 
under the roller wheel using layered bearing capacity analysis is described later in this paper.   
Relationships between roller-integrated CMV/MDP and in-situ point measurements 
are developed by spatially paring the nearest point data using GPS measurements. 
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Correlation between CMV – rut depth and ELWD produced R2 = 0.6 and 0.7, respectively 
(Figure 4.3e, 4.3f). MDP* and ELWD correlation showed two different trends for the two sites 
(Figure 4.3d). The MDP* values tend to reach an asymptotic value of about 150 which is the 
maximum value on the calibration hard surface.   
The correlations for roller-integrated CMV and MDP with conventional test 
measurements (e.g. rut depth, ELWD) showed correct trends but with varying degree of 
uncertainty (assessed by R2 values) in the relationships. This scatter is expected because of 
the various factors that influence the relationships which include: (a) differences in 
measurement influence depths, (b) range over which measurements were obtained, (c) 
influence of moisture content, (d) intrinsic measurement errors associated with the roller 
MVs and point measurements, (d) position error from pairing point test measurements and 
roller MV data, and (f) soil variability.  
4.4.2 Bearing capacity analysis on layered cohesive soil stratum 
DCP profiles were analyzed for bearing capacity under the test roller wheel using 
analytical layered bearing capacity solutions proposed by Meyerhof & Hanna (1978). For the 
analysis, the contact area under the tire is assumed a rigid rectangular flat footing of size 0.46 
m x 0.64 m (contact dimensions from Mn/DOT 2000), the contact pressure under the tire is 
assumed to be uniform, and the load application is assumed to be vertical. The behavior of 
soil beneath a wheel is assumed analogous to soil behavior beneath a footing under undrained 
loading conditions. The footing is assumed to be rigid to simplify the analysis and is 
considered a reasonable assumption with the relatively high tire inflation pressure and tire 
carcass stiffness compared to the deformability of the soil (see Bekker 1960). The analysis 
can be fine tuned by solving theoretical equations to determine contact area under the roller, 
considering a possible inclination in footing shape and load, and accounting for flexibility of 
the rubber tire (see Hambleton & Drescher 2008). Hambleton & Drescher 2008 summarized 
theoretical solutions to determine contact area as a function of wheel sinkage which is a sum 
of both elastic (rebound after the load application) and plastic deformations (measured rut 
depth) under the wheel. Although plastic deformation is predominant at locations with 
greater rut depths, locations with minimal rut depths can have considerable elastic rebound, 
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but is difficult to measure. The analysis is simplified herein with an objective of analyzing 
the effect of vertical non-uniformity on the subgrade bearing capacity under the wheel and 
obtaining insights on approximate target shear strength properties required to overcome rut 
failures under the test roller.   
Meyerhof & Hanna (1978) proposed analytical solutions to estimate bearing capacity 
of a two-layered soil stratum with stronger soil overlaid by a weaker soil of known soil 
mechanical properties. If the thickness of the stronger layer (H) is relatively small, a 
punching shear failure is expected in the top stronger soil layer, followed by a general shear 
failure in the bottom weaker soil layer. In that case the ultimate bearing capacity qult is a 
function of the su properties (for φ' = 0 condition) of both top and bottom layers and is 
calculated using Equation 4.4. If the thickness H is relatively large, then the failure envelope 
lies within the top layer only. For that case, qult is a function of top layer su using Equation 
4.5.  
2
2
1 0.2 5.14 1 ault u t
c HB Bq s q
L L B
⎛ ⎞⎛ ⎞ ⎛ ⎞= + + + ≤⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠  (4.4) 
11 0.2 5.14t u
Bq s
L
⎛ ⎞= +⎜ ⎟⎝ ⎠  (4.5) 
 
where B = contact width, L = contact length, su1= undrained shear strength of the top layer, 
su2 = undrained shear strength of the bottom layer, ca= adhesion determined using theoretical 
relationship between ca/su1 and su2/su1 by Meyerhof & Hanna (1978).  
 Rut depth measurements at 11 test locations in comparison with DCP-su profiles at 
each location are presented in Figure 4.4. The su values were determined using the DPI-su 
relationship presented in Figure 4.3a. As described earlier and similar to previous findings by 
White et al. (2007a) and Larsen et al. (2008), significant vertical non-uniformity in soil shear 
strength properties is evident from the DCP-su profiles. The reason for this non-uniformity at 
this project is attributed to variable and thick lifts and variable moisture content.  
The soil profile at each test location was analyzed as a two-layered soil system using 
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weighted average su values for each layer to determine the qult value at each location. The 
relationship between calculated qult values and measured rut depth measurements from the 
test locations is shown in Figure 4.5 and show a strong non-linear correlation with R2 = 0.9.  
Based on the acceptable rut depth value = 50 mm, a target qult = 1050 kPa was calculated. 
This target value can be interpreted as the minimum value required at a location with a two-
layered cohesive soil stratum to avoid rut depth failures, i.e., rut depths ≥ 50 mm.  
The graph presented in Figure 4.5b shows relationship between su1 and su2 at different 
H values to achieve the target qult value. The advantage of viewing the results in this manner 
is that if su values of the two layers (su1 and su2) are known (for example from DCP test), one 
can readily determine if one would or would not expect rut depth failures at a given location. 
An alternate way of interpretation is that if su2 is known, then one can estimate the minimum 
required su1 to avoid rut depth failures (as shown in the calculation in Figure 4.5b). A target 
su value for a homogenous condition (i.e. H = 0, su1 = su2) can be readily determined from 
Figure 4.5b which is = 170 kPa. 
qult values calculated from DCP-su profiles shown in Figure 4.4 are plotted on Figure 
4.5 to demonstrate the use of the graphical “pass”/“fail” evaluation procedure. A test location 
is determined as “fail” if the measured rut depth was ≥ 50 mm and checked if the calculated 
qult value was < target qult. Nine out of eleven test locations complied with the pass/fail 
criteria, and the two test locations that did not comply showed qult = 969 kPa with a rut depth 
= 23 mm and qult = 1093 kPa with a rut depth = 84 mm. Similarly, qult determined from DCP-
su profiles from the TH 14 project (results presented in Figure 4.1) are also plotted in Figure 
4.5 for comparison. The test points from that project did not have corresponding rut depth 
measurements but had visual confirmation of whether or not significant rutting was observed 
at the test locations. Three out of five test locations from that project complied with the 
pass/fail criteria. Considering the simplifications and assumptions made in the analysis and 
inevitable statistical uncertainty associated with empirical relationships used in the analysis, 
the pass/fail estimations are considered practically acceptable and useful for establishing 
alternative method for QA target values. As with any geotechnical engineering application, a 
chart like this cannot replace thorough testing/analysis and engineering judgment but it can 
serve as a quick reference guide for the field engineers.   
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The validity of the layered bearing capacity analysis analytical solutions was verified 
by performing 300-mm plate diameter static plate load tests at several test locations. Data 
from two test locations are presented in Figure 4.6. One test location was relatively soft 
(Point B, ELWD = 3.2 MPa) and the other location was relatively stiff (Point A, ELWD = 26.1 
MPa) as shown in Figure 4.6. The applied load was increased at point B until a bearing 
capacity failure was induced and at point A until the maximum capacity of the PLT system 
was reached. DCP-su profile data was used to determine qult under the plate (assuming B = L 
= 0.3 m). The calculated qult = 0.12 MPa at point B was close to the measured qult = 0.13 
MPa. The calculated qult = 0.98 MPa at point A appears to fall in line with the trend observed 
in the load-deformation curve up to an applied stress of about 0.65 MPa (tire contact 
pressure). 
 
4.5 Implementation Aspects 
An alternate approach to heavy test rolling is to develop regression relationships (as 
presented above) and target values for other measurements. A summary of QA target values 
developed based on the empirical relationships presented in Figure 4.3 are shown in Table 
4.2. The target ELWD and CMV measurement values were derived from relationships with rut 
depth measurements corresponding to a rut depth of 50 mm. The MDP* target value was 
derived from the relationship developed with ELWD from site A (Figure 4.3d) for ELWD = 27 
MPa. The target su value was determined based on the layered bearing capacity analysis. The 
regression relationships, however, have some uncertainty which can be accounted for using 
statistical prediction limits at a selected percent confidence. For example, values in a 
relationship corresponding to the least-squared fit regression line will provide about 50% 
confidence in the predicted target value.  
 
4.6 Concluding Remarks 
Use of roller-integrated compaction measurement technologies (CMV and MDP) and 
DCP/LWD point measurements to evaluate the support capacities of subgrade layers in-situ 
are discussed in this paper. Comparisons were made to heavy test roller rut depth QA criteria 
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specified by Mn/DOT for the upper subgrade layer of a pavement foundation. Correlations 
developed between roller-integrated CMV and MDP and point measurements show positive 
trends but with varying degrees of uncertainty in relationships.  
DCP-su profiles on compacted subgrades showed significant vertical non-uniformity 
with depth. Test rolling identified deep soft layers with excessive rutting (rut depths ≥ 50 
mm) at the surface. Bearing capacities under the heavy roller wheel were evaluated using 
layered bearing capacity analytical solutions and DCP-su profiles. The ultimate bearing 
capacities determined were empirically related to the measured rut depths at the surface. A 
chart solution was developed for using the layered bearing capacity analysis to determine 
target shear strength properties of a layered to soil to avoid rut failures under the test roller.  
Considering the significant advantage of roller-integrated compaction monitoring 
technologies with 100% coverage of compacted areas and positive trends in the relationships, 
it is concluded that the measurements can serve as a reliable indicator of compaction quality 
of cohesive subgrades and provide a good alternative to heavy test rolling. A summary of QA 
target values for the different measurements based on the empirical relationships are 
provided.  
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TABLE 4.1⎯ Summary of soil index properties. 
 
Parameter 
Test 
Method 
US14 
Janesville, 
MN 
TH60 
Bigelow, MN 
Site A Site B Site C Site D 
Material 
Description 
— 
Brown 
glacial till 
Brown 
glacial 
till 
Brown 
glacial 
till 
Brown 
glacial 
till 
Dark 
Brown 
topsoil 
Standard Proctor 
γdmax (kN/m3) 
ASTMD 
698-00 
— 16.35 17.19 18.24 16.72 
Optimum w (%) — 19.3 17.3 13.3 17.3 
Liquid Limit, LL  ASTMD 
4318-93 
— 43 39 36 39 
Plasticity Index, PI — 16 19 15 11 
USCS group 
symbol ASTMD 
2487-93/ 
2488-93 
CL CL CL CL OL 
USCS group name 
Sandy  
lean clay 
Lean clay 
with sand 
Sandy 
lean clay 
Sandy 
lean clay 
Sandy 
organic 
clay 
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TABLE 4.2⎯Summary of QA target values as an alternative to heavy testing rolling rut 
depth of 50 mm. 
Measurement 
Value 
Target values 
from empirical relationships 
ELWD-Z2 (MPa) 27 
CMV 23 
MDP* 
DPI 
149 
12 
su (kPa) 170 
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FIG. 4.1⎯ DCP-su profiles from compacted glacial till subgrade at US14 (White et al. 
2007a) 
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FIG. 4.2⎯ (a) CP-563 roller, (b) CS-563 roller, (c) Towed pneumatic dual-wheel test roller 
with 650 kPa contact tire pressure, (d) Shelby tube sampler, (e) DCP, (f) Zorn 200-mm 
diameter plate LWD, (g) 6.2 kN capacity static plate load test setup. 
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  FIG. 4.3⎯ Relationships between: (a) DPI and su, (b) DPI and ELWD, (c) rut depth and 
ELWD, (d) rut depth and CMV, (e) ELWD and MDP*, and (f) ELWD and CMV. 
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  FIG. 4.4⎯ Comparison of DCP-su profiles with rut depth measurements. 
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 FIG. 4.5⎯ (a) Relationship between calculated ultimate bearing capacity and measured rut 
depth, and (b) influence of undrained shear strength properties of top and bottom layers at 
different H (thickness of the top layer) to achieve a minimum qult = 1050 kPa.    
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  FIG. 4.6⎯ Comparison of estimating ultimate bearing capacity from layered bearing 
capacity analysis and 300 mm plate load test measurements. 
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CHAPTER 5. IN-SITU MECHANISTIC CHARACTERIZATION OF GRANULAR 
PAVEMENT FOUNDATION LAYERS 
Pavana KR. Vennapusa, David J. White, John Siekmeier, Rebecca Embacher 
A paper to be submitted to the International Journal of Pavement Engineering, Taylor and 
Francis Journals. 
 
5.1 Abstract 
This paper presents experimental test results comparing falling weight deflectometer (FWD), 
light weight deflectometer (LWD), dynamic cone penetrometer (DCP), and piezocone 
(CPTU) mechanistic test measurements and roller-integrated compaction measurements on 
granular pavement foundation layers. To better understand and interpret the relationships 
between these different measurements, vertical and horizontal stresses induced by vibratory 
roller, FWD, and LWD dynamic loads are measured by instrumenting the granular base, 
subbase, and subgrade layers of a pavement section. In-ground stress measurements revealed 
differences in stress states in foundation materials under roller and LWD/FWD loading. 
Stress paths for roller induced vibratory loading during compaction, dynamic loads from 
FWD and LWD tests, and laboratory resilient modulus tests are compared. Insights into 
differences in measurement influence depths of different measurements are provided. Roller-
integrated compaction measurements offer a significant advantage over other methods with 
100% coverage and real-time data visualization. Some practical considerations in interpreting 
the relationships are discussed in this paper.   
 
5.2 Introduction 
Mechanistic-empirical procedures recently introduced into the AASHTO (2008) 
pavement design guide are considered a significant improvement over previous design 
procedures with more importance given to characterizing the mechanistic behavior of the 
pavement and underlying foundation layers. Different means suggested in the guide for 
characterization of the foundation layers include: (a) laboratory repeated load resilient 
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modulus tests, (b) non-destructive test measurements, (c) intrusive testing such as dynamic 
cone penetrometer (DCP), and (d) reliance on agency’s experience. Many non-destructive 
test methods have been developed over the past five decades for characterizing the pavement 
foundation layer mechanical properties in-situ. A summary of these different methods is 
provided by Newcomb and Birgisson (1999).   
While performing laboratory resilient modulus tests can provide a better assessment 
of the mechanistic behavior of the materials compared to in-situ tests, it is time consuming 
and also not always representative of field conditions.  To that end, in-situ non-destructive 
testing methods are beneficial and also comparatively more measurements can be obtained 
within a short amount of time than laboratory testing. FWD and DCP tests have the 
advantage of characterizing the vertical non-uniformity of pavement foundation layers which 
is a common problem in compacted fill materials (see White et al. 2008b). Light weight 
deflectometer (LWD) which is a portable version of a FWD also provides an estimate of 
elastic modulus and is being widely evaluated by several state and federal agencies. 
Piezocone testing (CPTU) is a versatile sounding procedure that is used to characterize 
material behaviour type and provides an estimate of soil shear strength and stiffness 
properties as a near continuous record down to significant depths. Due to equipment and 
personnel cost limitations the test is unfortunately rarely used in pavement foundation layer 
characterization. Recently, there has been increasing demand in incorporating roller-
integrated compaction monitoring technologies into earthwork construction and relating the 
measurements to pavement design parameters (see White et al. 2007a).  These technologies 
are a significant improvement over traditional approaches as they can provide 100% 
coverage with real-time data visualization.  
This paper presents experimental test results with comparison measurements between 
LWD, FWD, CPTU, and DCP point measurements and roller-integrated compaction 
measurements. The roller measurement values reported in this paper are Geodynamik 
Compaction Meter Value (CMV) and Resonant Meter Value (RMV). Further, results from an 
instrumented embankment test section of granular base, subbase, and subgrade layers 
measuring in-situ vertical and horizontal stresses induced under different measurements are 
provided.  The objectives for instrumenting the foundation layers were to obtain insights into 
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differences in stress states in the foundation materials under roller-induced vibratory loading, 
LWD, and FWD loading and their measurement influence depths. Some key aspects relating 
to interpretation of roller measurement values and selection of appropriate test measurements 
when developing correlations are discussed in this paper.   
 
5.3 Background 
Significant efforts have been made by researchers over the past three decades to 
document and develop an understanding of relationships between different roller-integrated 
compaction monitoring technologies and soil physical and mechanical properties (e.g., 
Thurner and Sandström 1980, Forssblad 1980, Floss et al. 1983, Samaras et al. 1991, Brandl 
and Adam 1997, Kröber et al. 2001, Preisig et al. 2003, Thompson and White 2008, White 
and Thompson 2008, White et al. 2005, 2007a, 2007b, White et al. 2008a, 2008b).  In 
general, vibratory based roller-integrated measurements are better correlated with stiffness 
based measurements (e.g., FWD, DCP) compared to dry unit weight measurements (see 
Thurner and Sandström 1980, Floss et al. 1991, Mooney et al. 2008).  The correlations 
presented in the literature showed varying degree of uncertainty in the relationships, 
however.  Some commonly identified reasons for poor correlations are: (a) differences in 
measurement influence depths between roller and in situ point measurements (see Figure 
5.1), (b) difference in stress states during loading under roller and point measurements, and 
(c) heterogeneity in underlying layer stiffness. ISSMGE (2005) reports that a 12-ton dynamic 
roller has a measurement influence depth of up to 1.5 m. Conventional in-situ point 
measurements such as nuclear density gauge, soil stiffness gauge, LWD are believed to have 
influence depths of < 300 mm. FWDs, DCP, and static cone penetration tests (CPTU) have 
the ability to assess the properties of the underlying layers.  
Roller-integrated CMV and RMV measurements and FWD, LWD, DCP, and CPTU 
point measurements are obtained from this study. A brief overview of these different 
measurements is presented below.   
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5.3.1 Roller-Integrated Compaction Measurements 
5.3.1.1 Compaction Meter Value (CMV) 
CMV is a dimensionless compaction parameter developed by Geodynamik that 
depends on roller dimensions, (i.e., drum diameter and weight), roller operation parameters 
(e.g., frequency, amplitude, speed), soil mechanical properties (e.g. strength and stiffness) 
and soil stratigraphy, and is determined using the dynamic roller response (Sandström 1994).  
It is calculated using Equation (5.1), where C is a constant (300), A1 = the acceleration of the 
first harmonic component of the vibration, A0 = the acceleration of the fundamental 
component of the vibration (Sandström and Pettersson 2004).  CMV at a given point 
indicates an average value over an area whose width equals the width of the drum and length 
equal to the distance the roller travels in 0.5 seconds (see Figure 5.1) (Geodynamik ALFA-
030).  
1
0
ACMV  C
A
= ⋅        (5.1). 
5.3.2 Resonant Meter Value (RMV) 
RMV provides an indication of the drum behavior (e.g. continuous contact, partial 
uplift, double jump, rocking motion, and chaotic motion) and is calculated using Equation 
(5.2), where A0.5 = sub-harmonic acceleration amplitude caused by jumping (the drum skips 
every other cycle).  According to Adam and Kopf (2004), RMV = 0 theoretically indicates 
that the drum is in a continuous or partial uplift mode.  When RMV > 0, drum enters into a 
double jump mode and transitions into rocking and chaotic modes.  Based on numerical 
studies, Adam (1997) showed that as the soil stiffness increases CMV increases almost 
linearly for the roller drum in a continuous or partial uplift mode.  With increasing soil 
stiffness, the drum transitions to double jump mode where RMV increases and CMV 
decreases rapidly.  With further increase in ground stiffness, CMV decrease to a minimum 
value and then increases again.  This relationship between drum operation mode, RMV, and 
ground stiffness is identified via numerical analyzed by Adam (1997) and Sandström (1994).   
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0.5
0
ARMV  C
A
= ⋅         (2) 
5.3.2 In-Situ Point Measurements 
Zorn and Dynatest LWDs setup with a 200-mm plate diameter, 10-kg drop weight, 
and 50 cm drop height were used to determine elastic modulus: (a) Zorn LWD and (b) 
Dynatest LWD. The elastic modulus was determined using Equation (5.3), where E = elastic 
modulus (MPa), d0 = measured settlement (mm), v = Poisson’s ratio (assumed as 0.4), σ0 = 
applied stress (MPa), a = radius of the plate (mm), and f  = shape factor assumed as π/2.  
Tests were performed by preloading the test area with three seating drops and then followed 
by three test drops. The average modulus of the last three drops is reported as the ELWD at 
that point. The calculated ELWD values differ with the model due to differences in the 
mechanics and sensors used in the device (Vennapusa and White 2008a). To differentiate 
between the two devices used in this study the modulus values calculated from the Zorn 
device are reported are ELWD-Z2 and from the Dynatest device are reported as ELWD-D2 
(subscript 2 in the symbol represents a 200-mm diameter plate).  
2
0
0
(1 )v aE f
d
σ−= ×         (5.3) 
FWD test was performed by applying three seating drops using a nominal force of 
about 26.7 kN and followed by three test drops each at a nominal 26.7 kN and 53.4 kN force 
(F). The actual applied F was recorded using a load cell. The deflections were measured 
using geophones placed at the center of the plate and at 0.2 m, 0.3, 0.5, 0.6, 0.8, 0.9, 1.2, 
1.52, and 1.8 m offsets from the center of the plate. A composite modulus value (EFWD-D3) 
was calculated using measured deflection at the center of the plate from Equation (5.3). 
Modulus values of the underlying layers were back-calculated using Equation (5.4), where ri 
is the radial distance from the center of the plate to the ith sensor and d0(ri) is the deflection 
measured at the ith sensor.   
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DCP tests were performed in accordance with ASTMD 6951.  The tests were 
performed extending to a depth of about 2-m below surface using extension rods. Dynamic 
penetration index (DPI) with units of mm/blow was measured from the test.  DPI is inversely 
related to soil strength/stiffness properties and is well discussed in the literature (see Livneh 
1989, McElvanet and Djatnika 1991, Yoon and Salagado 2002). Chen et al. (2005) reported a 
correlation between DPI and back-calculated FWD modulus (EFWD) as shown in Equation 
5.5. A new correlation between DPI and EFWD is developed as part of this study and is 
presented later in this paper. A major advantage of DCP is that it can create a near continuous 
vertical record of soil mechanical properties which are critical in earthwork QC/QA for 
detecting buried “weak” layers within compacted fill materials (see White et al. 2008b).  
0.665( ) 537.76( )FWDE MPa DPI
−=       (5.5) 
CPTU tests were performed using a cone with 60o taper angle and 10cm2 area to 
measure tip resistance (qc), sleeve friction (fs), and pore pressure (u) during penetration. Tests 
were conducted at a nominal rate of penetration of 2 mm/s, and tip resistance was corrected 
to account for unequal areas above and below the porous element with respect to pore 
pressure measurements to calculate qt. Schmertmann (1970) suggested an empirical 
relationship between qt and Young’s modulus, Es as shown in Equation (5.6).  Konrad and 
Lachance (2001) presented a correlation between qt and EFWD for fine-grained subgrade soils 
as shown in Equation (5.7) for a 40kN FWD applied force on an asphalt pavement and for 
measured strains in the subgrade within 10-5 to 10-4.  Similar to DCP, CPTU also has the 
advantage of creating a near continuous vertical record of soil mechanical properties but can 
reach significantly deeper depths than DCP.  
2s tE q=          (5.6) 
3log( ) 0.473log( ) 0.507FWD D tE q− = +       (5.7) 
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5.3.3 Earth Pressure Cells 
EPCs with a measurement range of 0-1000 kPa were used in this study to measure the 
total peak horizontal (σH) and vertical stresses (σV) induced by the roller, LWD, and FWD 
loading. The EPCs used were 100 mm diameter and 10 mm thick semiconductor type sensors 
made of two stainless steel plates welded together around their periphery and filled with 
deaired hydraulic fluid. EPCs were calibrated using a specially fabricated calibration 
chamber by placing the cells in compacted poorly graded ASTM silica sand.  
 
5.4 Experimental Testing 
Experimental testing was performed over a two-dimensional test strip with plan 
dimensions of about 3 m x 35 m. The test strip consisted of a granular base layer underlain 
by granular subbase and granular subgrade layers down to a depth of about 2.8 m below 
surface. Index properties of these materials are summarized in Table 5.1. Figure 5.2 shows 
CPTU results from the test strip showing interpreted soil profile and behavior type down to a 
depth of about 6 m below surface. Estimated drained peak friction angle (φ’) values of the 
granular base, granular subbase and granular subgrade layers from CPTU results (Robertson 
and Campanella 1983) and Hough (1957) are summarized in Table 5.1.  The subgrade was 
underlain by rubble/cobbles/old reclaimed pavement and natural sandy glacial deposits.  
EPCs were installed in the granular base, subbase, and subgrade layers at depths of about 
0.15 m, 0.30 m, 0.50 m, 0.65, 0.80 m, 1.04, and 1.20 m below surface (see Figure 5.3). The 
EPCs installed at depths 0.30 m, 0.65m, and 1.04 m depths were placed perpendicular to the 
alignment of the test strip to measure stresses in horizontal direction (σH). The rest of the 
EPCs were installed to measure stresses in vertical direction (σV). The EPCs were installed 
by carefully excavating the material and embedding the cells in a layer of calibration sand 
material. The calibration sand material was carefully hand compacted in thin layers to 
achieve good compaction around the sensors. The excavation was backfilled using the 
excavated material and was hand compacted in thin lifts. The test strip was compacted for ten 
roller passes to ensure good compaction was achieved in the backfilled area.  
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5.5 Stresses in Pavement Foundation Layers 
 Figure 5.3 shows vertical and horizontal stresses induced under roller vibratory 
loading with two different amplitude settings (a = 0.85 mm and 1.70 mm) (note that these 
stresses do not include geostatic stresses). Figure 5.4 shows peak vertical and horizontal 
stresses developed under the roller, 300-mm diameter FWD with applied F = 26.7 kN and F 
= 53.4 kN (showed as FWD(A) and FWD(B), respectively), and 200-mm LWD with F =6.3 
kN.  
The horizontal and vertical loading regimes observed in Figure 5.3 are due to rotation of 
principal stresses in the layers due to the moving roller load. To explain this behavior, three 
positions are identified on Figure 5.3 at locations of peak horizontal and vertical stresses 
(Note that the sensors are all positioned vertically at position 2. When the roller drum is at 
position 1, the magnitude of horizontal stresses increase is more than the magnitude of 
vertical stresses (ΔσH > ΔσV). When the moving load is directly above the sensor (position 
2), vertical stresses are significantly higher than the horizontal stresses (ΔσV > ΔσH).  As the 
roller travels away from position 2, vertical stresses decrease and horizontal stresses increase 
(ΔσH > ΔσV) in the soil. When the load travels far away from the sensors, both vertical and 
horizontal stresses decrease. The horizontal stresses are not completely relieved in compacted 
fill materials due to residual “locked-in” stresses (σhr) developed during compaction process 
(Duncan and Seed 1986). Residual stresses were not measured in the current study but were 
estimated (see Figure 5.4) using K0 hysteric model proposed by Duncan and Seed (1986) for 
free field conditions. The total unit weight (γt) and φ' values (average values determined from 
Table 5.1) assumed in calculating the residual and vertical overburden stresses (σvo) are 
shown in Figure 5.4. 
The vertical stresses induced under the roller showed “spreading” of the stresses with 
depth, i.e, a vertical sensor at a deeper depth sensing greater vertical stresses than at shallow 
depths just before approaching position 2. Also shown in Figure 5.3 is a close-up view of the 
vertical stresses under a = 0.85 and 1.70 mm loading. During roller operation at a = 1.70 
mm, the vibratory stress cycles were skipped every cycle which represents roller drum loss of 
contact with the ground. This is referred to as drum double jumping and is discussed later in 
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conjunction with roller-integrated measurements.  
Figure 5.4 shows theoretical vertical and horizontal stress distributions under the 
roller and LWD/FWD plates based on Boussinesq elastic solutions (Poulos and Davis 1974). 
The stress distributions under the roller were determined assuming a uniformly loaded 
continuous strip footing with width B. The B and contact stress qo values were adjusted to 
obtain a best fit through the measured peak stresses. A contact width of 0.2 m was found to 
fit the theoretical vertical and horizontal stress distributions well for both low and high 
amplitude vibratory loading. The vertical stress distributions under the FWD/LWD plate 
were well predicted by the theoretical solutions but not the horizontal stress distributions. 
The vertical stress distributions with depth can be used to characterize the measurement 
influence depth of the rollers by assuming the depth equals where the vertical stresses have 
decayed to 10% of their maximum stresses at the surface. Using this criteria, the 
measurement influence depth under the roller for both a = 0.85 mm and 1.70 mm loading 
conditions is estimated at about 0.9 m for the pavement structure tested in this study.  The 
measurement influence depth under 300-mm FWD plate with F = 53.4 kN and F = 26.7 kN 
is about 0.6 m, and under 200-mm LWD plate is about 0.4 m.    
Using the calculated residual stresses, the Ko values at different depths are calculated 
as the ratio of σhr and σvo from Figure 5.4. Considering the three positions described in 
Figure 5.3 (Positions 1, 2, and 3) as the main loading and unloading regimes under the roller 
load, and the estimated Ko values for the at-rest state, stress paths are developed for soil 
elements in granular base (depth = 0.08 m) and subbase layers (depth = 0.32 m). The stress 
paths are shown in Figure 5.5 for the two amplitude loading conditions. Stress path under the 
roller showed a hysteresis of extension and compression during loading and unloading phases 
due to rotation in principal stresses as described above. Stress paths for LWD and FWD 
dynamic loads, laboratory resilient modulus (Mr) test loads following AASHTO T-307 and 
NCHRP 1-28 A procedures for base and subbase materials is also provided in Figure 5.5 for 
comparison.  Slope coefficients m are determined for the stress paths as shown in Figure 5.5. 
Comparison of these stress paths reveal following key observations which play an important 
role in interpreting these different measurements: (a) the mean stresses developed under a 
300-mm FWD plate with F = 53.4 kN are quite similar to mean stresses developed under the 
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roller for a = 1.7 mm but the m coefficients for FWD loading is comparatively smaller than 
under roller loading, (b) m coefficients are quite similar for roller induced loads and resilient 
modulus test following the AASHTO T-307 procedure and final 5 sequences of NCHRP 1-
28A procedure, (c) applied mean stresses and m coefficients for LWD loading are 
significantly smaller than roller and FWD induced stresses and m coefficients (d) the 
magnitude of mean stresses and m coefficients for LWD loading are somewhat similar to 
AASHTO T-307 Mr testing and initial sequences of NCHRP 1-28A testing for Mr, and (e) 
NCHRP 1-28A procedure captures a wide range of stress states with m values in the range of 
0.2 to 0.8 and significantly higher normal and shear stresses than other measurements. These 
observations are of significance as it relates to a better interpretation of correlations between 
different measurements on stress dependent foundation materials. 
 
5.6 Comparison of Roller-Integrated and In-Situ Point Measurements 
Roller-integrated RMV and CMV measurements obtained from two different 
amplitude settings are presented in Figure 5.6 for pass 7 to 10. Figure 5.6a demonstrates the 
repeatability of CMV values under similar amplitude settings. Figure 5.6b shows the 
influence of RMV on CMV values at a = 1.70 mm setting. At a = 0.85 mm the RMV 
measurements were close to zero while at a = 1.70 mm the RMV values were significantly 
greater than zero indicating roller jumping. Roller jumping behavior is confirmed from stress 
cell measurements (see Figure 5.3). Results show a decrease in CMV with increasing RMV 
which is identified in the literature as a distinctive feature of this measurement system (see 
Adam 1997). This CMV-RMV behavior is related to ground stiffness. In-situ point 
measurements (ELWD-D2, ELWD-Z2, EFWD-D3, and DPI) obtained from the test strip are presented 
in comparison with roller-integrated measurements in Figure 5.7. DCP, CPTU, and EFWD 
profiles from two select locations are also shown in Figure 5.7. Point A is located in the area 
where the RMV was lower and Point B is located in the area where RMV was greater when 
operated at a = 1.70 mm. The profiles showed relatively stiff layered structure at Point A 
compared to Point B.  
 Correlations obtained between different measurements are summarized in Figure 5.8. 
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The relationships were aimed to predict EFWD-D3 or DPI which are primarily suggested in the 
design guide. Regression relationships are obtained for EFWD obtained at two applied force 
levels. Comparatively, relationships for EFWD-D3 at F = 26.7 kN were slightly better with 
other in-situ point measurements and at F = 53.4 kN were slightly better with roller 
measurement values. All regression relationships are summarized in Table 5.2. Summary 
statistics (mean μ and coefficient of variation COV) of different measurements are 
summarized in Table 5.3. 
Results showed relatively poor correlations between EFWD and ELWD with R2 values 
between 0.2 and 0.6, but with limited data points. Also, as observed from in-ground stress 
data, the stress states in LWD and FWD testing were significantly different which can 
contribute to scatter in relationships. Correlation between EFWD and DPI showed power 
relationship with R2 values of about 0.7 and is close to the relationship proposed by Chen et 
al. (2005).  EFWD-qt and DPI-qt relationships also showed power relationships with R2 of 
about 0.7. A different trend in EFWD-qt is observed than equations proposed by Konrad and 
Lachanche (2001) and Schmertman (1970). The relationship presented by Konrad and 
Lachanche (2001) was based on three data points and Schmertman’s equation was based on 
correlations to static plate load modulus, however. To the authors’ knowledge, this is the first 
study to document EFWD-qt and DPI-qt relationships.  
Simple linear regression relationships between roller-integrated CMV and in-situ 
point measurements are presented in Figure 5.9, separately for low and high amplitude 
settings. The relationships are developed by pairing in-situ test measurement with spatially 
nearest roller measurement point with aid of GPS measurements. Despite limited data points, 
CMV relationships with EFWD-D3 and DPI showed good correlations with R2 in the range of 
0.6 to 0.7.  Relationships with ELWD-Z2 and ELWD-D2 showed no correlation. Again, the reason 
is likely because of significant differences in the stress states under these devices. A 
relationship documented by White et al. (2007b) for a granular base material (classified as A-
1-b) between CMV and Keros 200-mm plate diameter LWD device (ELWD-K2) is presented in 
the figure as a reference. The ELWD-K2 and ELWD-D2 measurements are strongly correlated and 
are close to R2 = 1 line (see Vennapusa and White 2008b).  Another regression line is plotted 
on Figure 5.9 for ELWD-Z2 based on a relationship documented by Vennapusa and White 
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(2008b) between ELWD-K2 and ELWD-Z2 measurements (ELWD-K2 = 1.75 ELWD-Z2).  Although 
there is scatter, the ELWD-D2 and ELWD-Z2 measurements matched the trend of existing 
relationships.  Regression relationships between CMV and in-situ point measurements are in 
Table 5.2 and summary statistics (mean μ and coefficient of variation COV) are summarized 
in Table 5.3.  
Relationships between different point measurements and CMV at high amplitude 
setting are also shown in Figure 5.9. Due to the effect of RMV at high amplitude operation as 
described above, no trend was seen in the relationships. To statistically assess the influence 
of RMV on CMV, multiple regression analysis was performed as presented in Figure 5.10. 
The analysis was performed by incorporating amplitude, RMV, and EFWD-D3 measurements as 
independent variables into a multiple linear regression model to predict CMV.  Statistical 
significance of each variable was assessed based on p- and t- statistics. The selected criteria 
for identifying the significance of a parameter included: p-value < 0.05 = significant, < 0.10 
= possibly significant, > 0.10 = not significant, and t-value < -2 or > +2 = significant. The p-
value indicates the significance of a parameter and the t-ratio value indicates the relative 
importance (i.e., higher the absolute value greater the significance). Based on this criterion, 
analysis results presented in Figure 5.10 indicated a strong significance of RMV in predicting 
CMV, while EFWD-D3 was somewhat significant. Amplitude was not found statistically 
significant; therefore, it was removed from the model. Statistically significant relationships 
were not found with other in-situ point measurements.  
The effect of RMV on CMV has been discussed in the literature but it lacked 
attention in an implementation standpoint. A statistically significant correlation was possible 
in this current study by incorporating RMV into a multiple regression model; however, it is 
preferable to perform calibration testing in low amplitude setting (about less than 1 mm) to 
avoid complex interpretation and analysis of results with roller jumping. The interpretation of 
CMV data thus must not be absent of evaluating RMV. An example approach to evaluate 
CMV with RMV results in a specification/quality assurance standpoint is described in 
Vennapusa and White (2008b). 
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5.7 Summary and Conclusions 
Relationships between LWD, FWD, CPTU, and DCP mechanistic measurements from 
experimental tests conducted over granular pavement foundation layers are presented in this 
paper. Further, results from an instrumented embankment test section of granular base, 
subbase, and subgrade layers with in-situ vertical and horizontal stresses induced under 
different measurements are presented. Stress paths were developed based on in-ground 
stresses induced by roller, and FWD/LWD loading to obtain insights into differences in stress 
states in foundation materials for different loading conditions. Some key conclusions from 
this paper are as follows: 
• Stress path under the roller showed a hysteresis of extension and compression during 
loading and unloading phases due to rotation in principal stresses under moving roller 
load. 
• For the pavement structure tested in this study, mean stresses developed under a 300-
mm FWD plate with F = 53.4 kN are quite similar to mean stresses developed under 
the roller for a = 1.7 mm but the stress path slope coefficient m for FWD loading is 
comparatively smaller than for roller loading. 
• Applied mean stresses and m coefficients for LWD loading are significantly smaller 
than roller and FWD induced stresses and m coefficients – a likely contributor to 
scatter in relationships between roller and ELWD measurements.  
• Using criteria for characterizing measurement influence depth as the depth to decay 
stresses to 10% of maximum stresses at surface, the measurement influence depths 
under roller, 300-mm FWD plate, and 200-mm LWD plate is estimated as 0.9 m, 0.6 
m, and 0.4 m. No difference was observed in the influence depth with change in 
amplitude or increasing dynamic load under FWD plate.  
• Comparison between CPTU, FWD, and DCP measurements showed good 
correlations with R2 values greater than 0.6. Comparison between FWD and LWD 
measurements showed poor correlations. The reasons are attributed partly due to 
limited data and partly due to significant difference in stress states in the material 
under FWD and LWD loading.  
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• Comparison between FWD, DCP, and roller-integrated CMV showed good 
correlations with R2 values around 0.6.   
• Roller jumping (as measured by RMV) affected the CMV values and consequently 
the correlations. A statistically significant correlation was possible in this current 
study by incorporating RMV into a multiple regression model to predict CMV. 
However, for practical purposes, it is preferable to perform calibration testing in low 
amplitude setting (about less than 1 mm) to avoid complex interpretation and analysis 
of results with roller jumping. . 
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TABLE 5.1⎯Summary of soil index properties 
 
Parameter 
Granular 
Base 
Granular 
Subbase 
Granular 
Subgrade 
USCS classification SW SP SC 
AASHTO classification A-1-b A-1-b A-2-4 
Standard Proctor     
       wopt (%) 8.2 8.9 11.5 
      γdmax (kN/m3) 20.0  18.7 18.5 
Drained friction angle, φ’    
      CPTUa − 44 to 46 44 to 48 
      Hough (1957)b 38 to 46 32 to 36 38 to 46 
aBased on empirical relationships between vertical effective overburden  
stressσvo’, cone corrected tip resistance qt, and drained peak friction angle  
(φ’) proposed by Robertson and Campanella (1983). 
bBased on classification of dense sands. 
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TABLE 5.2⎯Summary of regression relationships 
Relationship n R2 
FWD Applied Force, F ~ 26.7 kN   
EFWD-D3 (MPa) = 76.31 + 1.04 ELWD-Z2 (MPa) 11 0.55 
EFWD-D3 (MPa) = 99.88 + 0.50 ELWD-D2 (MPa) 11 0.24 
EFWD-D3 (MPa) = 43.53 (qt)0.45 (MPa) 100 0.70 
EFWD-D3 (MPa) = 422.84 (DPI)-0.60 (mm/blow) 157 0.65 
EFWD-D3 (MPa) = 75.42 + 2.65 CMV 11 0.50 
FWD Applied Force, F ~ 53.4 kN   
EFWD-D3 (MPa) = 68.26 + 1.31 ELWD-Z2 (MPa) 11 0.52 
EFWD-D3 (MPa) = 106.73 + 0.55 ELWD-D2 (MPa) 11 0.20 
EFWD-D3 (MPa) = 37.11 (qt)0.49 (MPa) 100 0.62 
EFWD-D3 (MPa) = 341.99 (DPI)-0.51 (mm/blow) 157 0.52 
EFWD-D3 (MPa) = 59.87 + 3.56 CMV 11 0.59 
DPI (mm/blow) = 22.42 – 0.39 CMV 10 0.69 
DPI (mm/blow) = 78.35 (qt)-0.97 (mm/blow) 371 0.69 
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TABLE 5.3⎯Summary statistics of roller and in-situ point measurements at surface 
Measurement μ COV 
Roller a = 0.85 mm 32.1 15 
Roller a = 1.70 mm 16.7 49 
EFWD-D3 (MPa) (F ~ 26.7 kN) 160.4 13 
EFWD-D3 (MPa) (F ~ 53.4 kN) 173.8 15 
ELWD-D2 (MPa) 122.4 17 
ELWD-Z2 (MPa) 80.6 18 
DPI (mm/blow)  9.7 16 
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FIG. 5.1⎯ Illustration of differences in measurement influence depths of different testing 
devices  
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FIG. 5.2⎯ Example CPT profile from a test location in the test strip area describing general 
foundation soil information 
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FIG. 5.3⎯ Total vertical and lateral stresses induced by roller during vibratory loading at a = 
0.85 and  1.70 mm nominal settings and drum jumping at a = 1.70 mm.  
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FIG. 5.4⎯ Peak vertical and lateral stress increase profiles (measured and theoretical 
Boussinesq) for roller induced vibratory loads, and FWD and LWD dynamic loads, and 
estimated residual stresses to calculate Ko from Duncan and Seed (1986). 
 
  
σhr and σv0 (kPa)
0 10 20 30 40 50 60
0.0
0.2
0.4
0.6
0.8
1.0
1.2
Overburden σv0
Residual σhr
Δσh (kPa)
0 40 80 120 160 200
0.0
0.2
0.4
0.6
0.8
1.0
1.2
Δσv (kPa)
0 200 400 600 800
D
ep
th
 (m
)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
a = 0.85 mm
a = 1.70 mm
300 mm FWD(A)
300 mm FWD(B)
200 mm LWD
Theoretical:
300 mm FWD(A)
300 mm FWD(B)
200 mm LWD 
a = 0.85 mm
a =1.70 mm
Granular 
Base
Granular 
Subbase
Granular 
Subgrade
γt = 21 kN/m3
φ' = 400
γt = 20 kN/m3
φ' = 450
γt = 20 kN/m3
φ' = 450
131 
 
 
FIG. 5.5⎯ Comparison of total stress paths under roller vibratory load (Positions 1 to 2 
loading and Positions 2 to 3 unloading), FWD and LWD dynamic loads, and stresses applied 
during laboratory Mr tests on base/subbase materials.  
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FIG. 5.6⎯ Roller-integrated measurements from test strip with nominal v = 3.2 km/h and f = 
30 Hz settings: (a) repeatability of CMV at two amplitude settings, (b) influence of RMV on 
CMV measurements. 
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FIG. 5.7⎯ Comparison of roller-integrated compaction measurements with in-situ 
mechanistic point measurements – DCP index, CPT qt, and EFWD profiles at two select 
points. 
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FIG. 5.8⎯Relationships between different measurements (EFWD-D3 at F ~ 26.7 kN). 
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FIG. 5.9⎯ Relationships between roller-integrated CMV and point measurements (EFWD-D3 
at F ~ 53.4 kN). 
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FIG. 5.10⎯ Results of multiple regression analysis illustrating the effect of RMV. 
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
6.1 Summary 
This dissertation provides results of experimental investigation and analysis on three 
different RICM measurements and six different in-situ strength/stiffness test methods for 
characterizing pavement foundation layers. The RICM measurements include: compaction 
meter value (CMV), resonant meter value (RMV), and machine drive power (MDP). The in-
situ test methods include: falling weight deflectometer (FWD), light weight deflectometer 
(LWD), static plate load test device (PLT), dynamic cone penetrometer (DCP), and heavy 
test roller. The results and analysis from this investigation are presented as four dissertation 
chapters above and are categorized into three major topics: (a) review and investigation of 
different LWD devices for use in earthwork QC/QA (chapter 2), (b) geostatistical analysis of 
spatially referenced RICM measurements to characterize spatial non-uniformity of 
constructed pavement foundation layers and to improve QC methods during construction 
(chapter 3), (c) in-situ mechanistic characterization of pavement foundation layers using 
different in-situ test methods and RICM (chapters 4 and 5). Specific conclusions related to 
each topic are provided in the chapters above. General conclusions and anticipated benefits 
from this research, and recommendations for future research are provided below.  
 
6.2 Conclusions 
6.2.1 Review and investigation of LWD devices 
An extensive review of literature and experimental test results on LWDs presented in 
chapter 2 demonstrate the issues need to be considered when interpreting LWD modulus 
(ELWD) values. The findings are expected to aid ASTM in developing a standard test method 
for LWD testing and in successful implementation of these devices in earthwork QC/QA 
practice.  Some key conclusions are as follows: 
• Based on the review and experimental test results, major factors that influence ELWD 
are identified as the size of loading plate, plate contact stress, type and location of 
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deflection transducer, plate rigidity, and to some extent loading rate, buffer stiffness, 
and the measurement of load versus assumption of a constant load based on 
laboratory calibration.   
• LWD devices that use accelerometers that measure deflection of the plate (e.g. Zorn) 
are expected to measure larger deflections compared to devices that measure 
deflections on the ground with a geophone (e.g. Keros/Dynatest and Prima). This 
difference in deflection measurements is identified as the primary contributor to 
differences in ELWD between different devices.  
• ELWD increases with decreasing plate diameter and the trend is sensitive to material 
stiffness. This finding is consistent with results presented in the literature with static 
PLT measurements.  
• The Zorn ELWD increases with increasing plate contact stresses with stiffer material 
presenting a greater increase in ELWD.  The Keros and Dynatest devices showed 
practically no influence of applied contact stresses above 100 kPa.  
• Variations observed in Dynatest and Keros ELWD by modifying the buffer stiffnesses 
are insignificant when the results are compared at similar applied contact stresses.   
• ELWD is strongly correlated to conventionally used PLT initial modulus and is poorly 
correlated with PLT reload modulus.  
• The variability observed with Zorn ELWD is generally lower compared to Keros and 
Dynatest ELWD values. This is of consequence as it relates to determining appropriate 
number of QA tests depending on the variability to achieve good reliability.   
6.2.2 Geostatistical Analysis on RICM measurements 
Geostatistical analysis using semivariogram modeling for RICM measurements to 
characterize and quantify non-uniformity of compacted fill materials, and help improve 
process control methods are presented in Chapter 3. Geostatistical analysis and spatially 
referenced RICM represent a paradigm shift in how compaction analysis and specifications 
could be implemented in the future. Some key conclusions from the analysis results are as 
follows: 
• Semivariogram modeling requires attention to some critical aspects which include:  
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(a) performing exploratory data analysis to examine the distribution and assess the 
need for transformation, (b) determining non-stationarity in the data that may require 
polynomial trend surface analysis, (c) modeling anisotropy (directional 
semivariograms herein showed that this is generally not an issue because of limited 
data points in the transverse direction), and (d) understanding and exercising the 
semivariogram model fitting process.  
• Geostatistics could aid the contractor in identifying localized poorly compacted areas 
or areas with highly non-uniform conditions that need additional compaction or other 
modification and would contribute to improved uniformity. This information could 
also be used to target QA testing by the field engineers. 
• Geostastistical parameters derived from RICM data can provide better 
characterization of the spatial variability of soil engineering properties.  If the 
parameters can be linked to suitable analytical/numerical models, new insights into 
spatial load-deformation analysis can be developed.   
6.2.3 Mechanistic Characterizations of Pavement Foundation Layers 
Use of different mechanistic measurements along with interrelationships between 
these different measurements to characterize cohesive subgrades and granular subgrade and 
base/subbase layers is presented in Chapters 4 and 5. Heavy test roller, DCP, LWD, and 
RICM (CMV and MDP) were used for cohesive subgrades (Chapter 4), and LWD, FWD, 
CPTU, DCP, and RICM (CMV and RMV) were used for granular pavement foundation 
layers (Chapter 5). The findings are expected to aid in successful implementation of these 
different measurement methods into QC/QA practice and lay a foundation to establish a link 
with pavement design parameters in a mechanistic standpoint.  Some key conclusions from 
the experimental test results and analysis are as follows: 
• Correlations developed between RICM and in-situ test measurements showed 
positive trends but with varying degrees of uncertainty in relationships. Considering 
the significant advantage of RICM technologies with 100% coverage and positive 
trends in the relationships, it is concluded that the measurements can serve as a 
reliable indicator of compaction quality of cohesive and granular pavement 
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foundation layers. 
• Roller jumping (as measured by RMV) affects the CMV values and consequently the 
correlations with in-situ test measurements. The effect of RMV on CMV has been 
discussed in the literature but it lacked attention in an implementation standpoint. To 
avoid complex interpretation and analysis of results with roller jumping, it is 
suggested that comparison tests with in-situ test measurements be performed with low 
amplitude setting (about less than 1 mm) operation.  
• Heavy test rolling identified deep soft layers on cohesive subgrades with excessive 
rutting at the surface under the roller wheel. Layered bearing capacity analysis using 
DCP-undrained shear strength profiles showed that rut depths at the surface are 
empirically related to the ultimate bearing capacities under the roller wheel. A simple 
chart solution was developed using the layered bearing capacity analytic solutions to 
determine target shear strength properties of a layered soil to avoid rut failures under 
the test roller. 
• Using criteria for characterizing measurement influence depth as the depth to decay 
stresses to 10% of maximum stresses at surface, the measurement influence depths 
under roller, 300-mm FWD plate, and 200-mm LWD plate are estimated as 0.9 m, 0.6 
m, and 0.4 m. No difference was observed in the influence depth with change in 
amplitude or increasing dynamic load under FWD plate.  
• In-ground stress measurements showed that the stress path under the roller indicates a 
hysteresis of extension and compression in pavement foundation layers due to 
rotation in principal stresses under moving roller load. 
• Normal stresses developed under a 300-mm FWD plate with 53.4 kN applied force 
are quite similar to the normal stresses developed under the roller for a = 1.7 mm but 
the stress path slope coefficient m for FWD loading is smaller than for roller loading. 
• Applied mean stresses and m coefficients for LWD loading are significantly smaller 
than roller and FWD induced stresses and m coefficients – a likely significant 
contributor to scatter in relationships between roller and ELWD measurements.  
• CPTU tip resistance, FWD, and DCP measurements showed correlations with R2 
values greater than 0.6.  
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6.3 Recommendations for Future Research 
The following future work is recommended to build upon the findings from this 
research: 
• Independently verify deflections of the plate and of the soil under the plate for 
different LWD devices using high resolution laser-based measurements. This will 
provide insights into the differences observed in deflection measurements depending 
on the type and location of the deflection sensors used in different LWDs.  
• Analyze the differences in stress distributions under different geometry LWD plates 
(solid plate and a plate with a hole at the center) to better explain the materials’ 
response to applied stresses and their relationships to resulting modulus values.   
• Continue developing a database of spatial statistical parameters of constructed 
pavement foundation layers to help relate these parameters with pavement 
performance monitoring data (e.g., crack survey inspections, etc.).  
• Link spatial statistics with pavement surface layer distresses from spatial load-
deformation analysis using analytical/numerical models.  
• Continue documenting relationships between RICM and conventionally used 
strength/stiffness based in-situ test measurements for different material types and 
field conditions.  
• Develop understanding on the influence of stress path on the mechanistic properties 
of granular and cohesive materials to better explain the scatter in relationships 
between RICM and different in-situ test measurements.  
• Analyze layered soil profiles obtained from in-situ point measurements (e.g., FWD, 
DCP, and CPTU) by accounting for the stress-dependency nature the materials using 
laboratory tests and in-ground instrumentation. This will potentially provide a lead 
way to incorporating RICM measurements into pavement design.    
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